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Summary
Hematopoietic stem cells (HSCs) are responsible for the life-long production of all mature
blood cells. The classical hierarchical model of hematopoiesis has been revised based on
single-cell transcriptome analyses to suggest a continuous rather than a step-wise differen-
tiation process. While differentiation trajectories can be inferred from single-cell transcrip-
tional snapshots, it remains a challenge to identify definitive points of lineage commitment.
The molecular characterization of such commitment decisions is required to accurately
model the hematopoietic system.
The analysis of 5-methylcytosine may facilitate the identification of such molecular com-
mitment marks due to the progressive nature of how DNA methylation is programmed dur-
ing differentiation. In this doctoral thesis, a genome-wide DNA methylome map of murine
hematopoiesis was generated using tagmentation-based whole genome bisulfite sequencing,
encompassing 26 hematopoietic cell populations. Across all populations, 147,232 differen-
tially methylated regions (DMRs) were identified and grouped into coordinately regulated
regions by hierarchical clustering. These dynamically regulated regions showed progressive
and unidirectional DNA methylation programming during normal hematopoietic differen-
tiation. The DNA methyltion programs can be interpreted as pan-hematopoietic, lineage-
and cell type-specific, indicating a molecular mechanism of cell fate restriction. The lin-
eage specificity of the DNA methylation programs was confirmed by the enrichment of
hematopoietic transcription factor binding motifs and lineage-specific enhancer programs.
Strikingly, lineage-specific DMRs were already identified within the multipotent hematopoi-
etic stem and progenitor compartment, supporting the concept of early lineage restriction.
Furthermore, a model of murine hematopoiesis could be inferred in form of a diffusion map
that is purely based on DNA methylation dynamics during hematopoietic differentiation.
To gain further insights into how DNA methylation dynamics relate to the regulation of
gene expression, a single-cell transcriptome map of the entire murine hematopoietic sys-
tem was generated. The integration of DNA methylation dynamics with single-cell gene
expression patterns provided evidence for an anti-correlation between DNA methylation
and cell-type specific gene expression patterns. However, loss of DNA methylation was not
invariably associated with an increase in gene expression. This suggests that DNA methy-
lation has more a permissive rather than an instructive role in regulating lineage-specific
transcriptional programs.
Finally, the DNA methylome map was used as a resource to investigate epigenetic pat-
terns that underlie the myeloid and megakaryocytic lineage bias observed in aged mice.
By comparing the DNA methylomes of young and aged HSCs, 3,275 DMRs were identi-
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fied, which were predominantly associated with a loss of DNA methylation in genes in-
volved in integrin signaling, platelet activation, and platelet aggregation. Notably, 46% of
these DMRs overlapped with DNA methylation patterns identified in normal hematopoi-
etic differentiation and significantly affected DNA methylation programs showing low DNA
methylation levels in megakaryocyte-primed cell populations. Together, these findings sug-
gest that HSC aging alters the DNA methylome in vivo, in a manner that is associated
with a increased differentiation towards the megakaryocytic lineage.
In summary, the DNA methylome map of murine hematopoiesis generated in this thesis
provides novel insights into the epigenetic regulation of hematopoietic differentiation and
complements recent findings from single-cell transcriptome studies. Furthermore, it repre-
sents a rich resource to investigate DNA methylation patterns in hematopoiesis across a
broad range of conditions.
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Zusammenfassung
Hämatopoetische Stammzellen (HSZ) sind für die lebenslange Produktion aller reifen Blut-
zellen verantwortlich. Das klassische hierarchische Modell der Hämatopoese wurde ba-
sierend auf Einzelzell-Transkriptomanalysen weiterentwickelt, so dass nun ein kontinu-
ierlicher Differenzierungsprozess postuliert wird. Obwohl Differenzierungstrajektorien aus
Einzelzell-Transkriptomen abgeleitet werden können, bleibt es eine Herausforderung, den
definitiven Differenzierungspunkt zu bestimmen. Die molekulare Charakterisierung solcher
Differenzierungspunkte ist jedoch essenziell, um das hämatopoetische System im Detail zu
verstehen.
Die Analyse von 5-Methylcytosin könnte aufgrund der kontinuierlichen und robusten
DNA-Methylierungsveränderungen während des Differenzierungsprozesses die Identifizie-
rung solcher molekularen Differenzierungspunkte ermöglichen. Im Rahmen dieser Doktor-
arbeit wurde ein genomweiter DNA-Methylierungsdatensatz bestehend aus 26 murinen hä-
matopoetischen Zellpopulationen generiert. Im gesamten hämatopoetischen System wurden
147.232 differentiell methylierte Regionen (DMRs) identifiziert, welche durch hierarchische
Clusteranalyse in koordiniert regulierte Regionen gruppiert wurden. Diese dynamisch regu-
lierten Regionen zeigten progressive und unidirektionale DNA-Methylierungsveränderungen
während der normalen hämatopoetischen Differenzierung und wurden als pan-hämatopo-
etische, linien- und zelltypspezifische DNA-Methylierungsprogramme interpretiert. Die bio-
logische Relevanz dieser Programme wurde durch die Anreicherung von hämatopoetischen
Transkriptionsfaktor-Bindungsmotiven und linienspezifischen Enhancer-Programmen be-
stätigt. Hervorzuheben ist, dass bereits im multipotenten hämatopoetischen Stamm- und
Vorläuferzellkompartiment linienspezifische DMRs identifiziert wurden, was auf eine frühe
hämatopoetische Differenzierung hindeutet. Des Weiteren konnte mithilfe des sogenann-
ten Diffusions-Algorithmus ein Modell der murinen Hämatopoese abgeleitet werden, wel-
ches lediglich auf DNA-Methylierungsdynamiken während der Blutbildung basiert. Um
den Zusammenhang zwischen DNA-Methylierung und Genexpression zu untersuchen, wur-
de ein Einzelzell-Transkriptomdatensatz des gesamten hämatopoetischen Systems erstellt.
Die Integration von DNA-Methylierungs- und Transkriptionsdynamiken weißt auf eine
allgemeine Anti-Korrelation dieser molekularen Mechanismen hin. Jedoch war ein DNA-
Methylierungsverlust nicht zwingend mit einer Zunahme der Genexpression verbunden,
was vermuten lässt, dass ein Verlust der DNA-Methylierung die Zelle lediglich auf potenzi-
elle Transkriptionsprogramme vorbereitet, welche im Verlauf der Differenzierung an-, aber
auch wieder abgeschaltet werden können.
Im abschließenden Teil dieser Doktorarbeit wurden die generierten DNA-Methylome als
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Ressource verwendet, um epigenetische Muster zu untersuchen, die der verstärkten myeloi-
den und megakaryozytären Differenzierung in der Blutbildung gealterter Mäuse zugrunde
liegen. Beim Vergleich des Methyloms von jungen und gealterten HSZ wurden 3.275 DMRs
identifiziert. Diese DMRs waren überwiegend durch Methylierungsverlust charakterisiert
und betrafen Gene, die an Integrin-Signalwegen, Blutplättchenaktivierung und Blutplätt-
chenaggregation beteiligt sind. Bemerkenswerterweise überlappten 46% dieser DMRs mit
den DNA-Methylierungsveränderungen der normalen hämatopoetischen Differenzierung,
welche vorwiegend eine niedrige DNA-Methylierung in megakaryozytären Zellpopulatio-
nen aufweisen. Insgesamt deuten diese Ergebnisse darauf hin, dass der Alterungsprozess
von HSZ mit DNA-Methylierungsveränderungen einhergeht, die eine megakaryozytäre Dif-
ferenzierung begünstigen.
Zusammenfassend liefert der vorliegende DNA-Methylomdatensatz der murinen Häma-
topoese neue Erkenntnisse über die epigenetische Regulation der hämatopoetischen Diffe-
renzierung und ergänzt die kürzlich gewonnenen Erkenntnisse aus Einzelzell-Transkriptom-
studien. Darüber stellt dieser Datensatz eine umfassende Ressource dar, um Veränderungen
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The hematopoietic system is maintained by a pool of multipotent hematopoietic
stem cells (HSCs) that are responsible for the life-long production of all mature
blood cells. The process of hematopoietic differentiation is accompanied by tightly
regulated epigenetic changes that affect gene expression patterns and in turn, the
lineage specification of differentiating cells. Lineage commitment precedes differen-
tiation and is defined as the process in which a cell makes a decision for a certain
cell fate.
1.1 Epigenetics
The term ‘epigenetics’ was introduced by the embryologist Conrad Hal Waddington
in 1942 to describe causal interactions between the environment and the genome lead-
ing to the establishment of a phenotype [Waddington, 1942]. Moreover, Wadding-
ton published the ‘epigenetic landscape’ as a metaphor of epigenetic mechanisms
that define the cell fate of undifferentiated cells. In this metaphor, cells are rep-
resented as marbles rolling down a landscape of bifurcation valleys separated by
ridges (Figure 1.1 a). These valleys illustrate alternative cell fates that are shaped
by ‘guy-ropes’ (gene and transcription factor interactions) underlying the epigenetic
landscape [Waddington, 1957] (Figure 1.1 b).
Nowadays, ‘epigenetics’ is broadly defined as “the study of changes in gene function
that are meiotically and/or mitotically heritable and that do not entail changes in
the DNA sequence” [Wu and Morris, 2001]. External stimuli as well as normal




Waddington's epigene�c landscape The complex system of interac�ons underlying
the epigene�c landscape
Figure 1.1: Waddington’s epigenetic landscape. a, Waddington’s epigenetic landscape
wherein a cell represented as a marble can roll down a landscape of different cell fates illustrated by
valleys. b, ’Guy-ropes’ (complex interactions of gene and transcription factor networks) underlying
the epigenetic landscape shape the valleys and ridges in the mountain. [Waddington, 1957]
gene expression patterns. The interaction of multiple epigenetic mechanisms defines
the epigenome of a cell [Stricker et al., 2017].
1.1.1 Epigenetic layers
The epigenome of a cell is composed of different epigenetic layers, including DNA
modifications, post-translational histone modifications, histone variants, nucleosome
occupancy, RNA modifications, non-coding RNAs, and the three-dimensional chro-
matin conformation (Figure 1.2). These epigenetic mechanisms interact with tran-
scription factors to regulate gene expression [Stricker et al., 2017].
At the single nucleotide level, covalent modifications of cytosines and adenines have
been identified as epigenetic mechanisms that interfere with binding of transcription
factors and affect gene expression. Methylation at carbon 5 (C5) of cytosine (5-
methylcytosine, 5-mC) is by far the most investigated DNA modification and, in this
thesis, is referred to as DNA methylation [Stricker et al., 2017].
At the nucleosome level, histone modifications are covalent post-translational mod-
ifications of histone tails, which include methylation, acetylation, and phosphoryla-
tion. Histone modifications as well as histone variants regulate the binding of DNA
around the nucleosome core, thereby influencing the chromatin structure and the ac-
cessibility of the transcription machinery to the DNA. Histone modification can be


















Figure 1.2: Epigenetic layers. The epigenome of a cell is composed of different epigenetic
layers, including DNA modifications, post-translational histone modifications, histone variants,
nucleosome occupancy, RNA modifications, non-coding RNAs, and the three-dimensional chro-
matin conformation (modified from Stricker et al. [Stricker et al., 2017].
At the chromatin level, nucleosome occupancy impacts on chromatin accessibility
to cis-regulatory regions [Klemm et al., 2019]. Open chromatin can be profiled by as-
say for transposase-accessible chromatin sequencing (ATAC-seq) [Buenrostro et al.,
2015]. Furthermore, the spatial chromatin organization within the nucleus is critical
for cell type-specific interactions between enhancer and promoter regions that control
gene expression [Zheng and Xie, 2019]. Genome-wide chromosome conformation cap-
ture assays (Hi-C) identified megabase-sized topological associating domains (TADs)
of self-interacting chromatin [Lieberman-Aiden et al., 2009]. While TAD boundaries
are conserved between cell types, intra-TAD interactions are highly dynamic during
differentiation and cell type-specific [Zheng and Xie, 2019].
At the transcript level, RNA modifications and non-coding RNAs (ncRNAs) reg-
ulate gene expression by interference at the transcriptional or post-transcriptional
level [Holoch and Moazed, 2015].
1.1.2 Cis-regulatory regions
Cis-regulatory regions, such as promoters and enhancers, play a pivotal role in the
regulation of cell type-specific gene expression during development and cellular dif-
ferentiation. Promoters are located directly upstream of the transcription start site
(TSS) of genes, while enhancers can be located in variable distances up- or down-
stream of the TSS. Cis-regulatory elements contain binding sites for cell type-specific
transcription factors. Chromatin loops bring enhancers and promoters into close
proximity in order to enhance the activity of the transcription machinery. These
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interactions are highly dynamic and occur mainly within TADs [Levo and Segal,
2014, Allis and Jenuwein, 2016].
Cis-regulatory sequences are identified by characteristic molecular features in the
DNA. Whole-genome bisulfite sequencing, ChIP-seq, and ATAC-seq have enabled
genome-wide mapping of cis-regulatory features across a variety of cell types and or-
ganisms [Stricker et al., 2017, Davis et al., 2018, Zerbino et al., 2015]. Cis-regulatory
regions are usually characterized by low DNA methylation levels and are devoid of
nucleosomes. Adjacent nucleosomes are marked by characteristic histone modifica-
tions. For example, histone H3 lysine 4 trimethylation (H3K4me3) and lysine 27
acetylation (H3K27ac) are found at active promoter regions, while histone H3 lysine
4 monomethylation (H3K4me1) and H3K27ac are associated with active enhancer
regions [Zhou et al., 2011, Allis and Jenuwein, 2016].
1.1.3 DNA methylation
Covalent modifications of DNA bases were first discovered in 1948 [Hotchkiss, 1948].
In 1975, Holliday and Riggs proposed that DNA methylation is an epigenetic mech-
anism that plays an important role in the regulation of gene expression (Figure 1.3
a) [Riggs, 1975, Holliday and Pugh, 1975]. Indeed, early studies correlated DNA
methylation with gene silencing. Accordingly, DNA methylation has been identified
to be involved in X-chromosome inactivation, virus silencing, genetic imprinting, and
the regulation of gene expression [Li et al., 1993, Mohandas et al., 1981, McGhee and
Ginder, 1979, Ben-Hattar and Jiricny, 1988]. Although DNA methylation is broadly
accepted as a repressive epigenetic mark, the correlation between DNA methylation
and gene expression is certainly more complex than initially proposed [Stricker et al.,
2017].
DNA methylation mainly occurs in the context of cytosine-phosphate-guanine
(CpG) dinucleotides (Figure 1.3 b) [Doskocil and Sorm, 1962, Stricker et al., 2017].
More than 80% of all 28 million CpG sites in the human genome (21 million GpG
sites in the murine genome) are methylated in somatic tissues [Smith and Meissner,
2013]. CpG-dense regions are found in so-called CpG-islands (CGIs) that frequently
overlap with transcription start sites (TSS) of actively transcribed genes [Smith and
Meissner, 2013, Luo et al., 2018]. CGIs commonly show DNA methylation values of
less than 10%, while active distal regulatory regions, such as enhancers, reveal DNA







































Figure 1.3: DNA methylation. a, DNMT1, DNMT3A, and DNMT3B methylate carbon 5
(C5) of cytosine using S-adenosyl methionine (SAM) as a methyl donor. TET enzymes oxidize
the methyl group of 5-methylcytosine to 5-hydroxymethylcytosine as part of the active demethy-
lation process. b, Bisulfite treatment of genomic DNA deaminates unmethylated cytosines to
uracils, while methylated cytosines are protected. During PCR amplification, uracils are changed
to thymidines.
CpGs in gene bodies of transcribed genes are usually methylated. Under physiolog-
ical conditions, only 15 to 21% of all CpG sites show plasticity in DNA methylation
among different somatic tissues [Ziller et al., 2013, Stadler et al., 2011, Luo et al.,
2018]. Accordingly, the DNA methylome of different cell types can be described by
locus-specific DNA methylation patterns [Bock et al., 2012, Meissner et al., 2008].
In contrast to somatic tissues, genome-wide erasure and re-establishment of DNA
methylation levels are observed during early embryonic development [Greenberg and
Bourc’his, 2019, Monk et al., 1987, Sanford et al., 1987].
DNA methylation is catalyzed by conserved DNA methyltransferases (DNMTs)
that transfer methyl groups to cytosines. DNMT3A and DNMT3B establish de
novo DNA methylation, while DNMT1 maintains methylation upon DNA replica-
tion using hemi-methylated CpG palindromes as a template (Figure 1.3 a) [Okano
et al., 1999, Li et al., 1992, Smith and Meissner, 2013]. Active DNA demethylation
is mediated by ten-eleven translocation (TET) methylcytosine dioxygenases, which
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catalyze the sequential oxidation of 5-mC to 5-hydroxymethylcytosine (5-hmC), 5-
formylcytosine (5-fC), and 5-carboxylcytosine (5-caC), which is followed by thymine
DNA glycosylase-induced base excision repair [He et al., 2011, Ito et al., 2011, Wu and
Zhang, 2017]. Passive DNA demethylation occurs progressively during cell division
caused by imperfect DNA methylation maintenance of DNMT1 (Figure 1.3 a) [Wu
and Zhang, 2017]. Loss of Dnmt or Tet enzymes leads to developmental abnormal-
ities and embryonic lethality in mice [Li et al., 1992, Okano et al., 1999, Dawlaty
et al., 2014]. Notably, both enzymes are recurrently mutated in the context of cancer,
causing deregulation of DNA methylomes [Ley et al., 2010, Genovese et al., 2014, Del-
hommeau et al., 2009], a common feature of malignant transformation [Feinberg and
Vogelstein, 1983].
Given that DNA methylation is a stable molecular mark that can be transferred
to daughter cells, this epigenetic modification provides the molecular basis for an
epigenetic memory. As a result, DNA methylation can be exploited to dissect dif-
ferentiation trajectories [Bock et al., 2012, Farlik et al., 2016] and to identify the
cell-of-origin in the context of malignant transformation [Kulis et al., 2015, Bormann
et al., 2018, Oakes et al., 2014, Krivtsov et al., 2013].
1.1.4 DNA methylation profiling technologies
DNAmethylation plays an important role in many physiological processes and patho-
logical conditions. Hence, profiling of DNA methylation patterns is essential to un-
derstand how these biological processes are regulated at the molecular level. Over
the past decades, a plethora of methodologies has been developed to investigate DNA
methylation, including DNA methylation assays based on methylation-sensitive re-
striction enzymes (MRE) (e.g. MRE-seq), on 5-methylcytosine-specific antibodies
(e.g. methylation DNA immunoprecipitation (MeDIP-seq)), or on bisulfite conver-
sion (e.g. whole genome bisulfite sequencing (WGBS)) [Barros-Silva et al., 2018,
Frommer et al., 1992]. The advent of next generation sequencing (NGS) enabled
genome-wide DNAmethylation profiling at single CpG resolution. Nowadays, WGBS
is considered as the gold standard for DNA methylation profiling. Bisulfite treatment
of genomic DNA deaminates unmethylated cytosines to uracils, while methylated
cytosines are protected (Figure 1.3 b). Reduced-representation bisulfite sequencing
(RRBS) offers a cost-effective alternative with single-CpG resolution that integrates
MRE digestion followed by size-selection, bisulfite conversion, and NGS to investi-
6
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gate CpG-rich regions, such as promoters and CpG-islands [Gu et al., 2011]. In ad-
dition, the microarray-based Infinium MethylationEPIC Bead Chip is a widely used
bisulfite-based method that analyses 850,000 CpG sites of the human genome [Moran
et al., 2016].
Given that bisulfite conversion is associated with a high degree of DNA degrada-
tion, classical WGBS requires large amounts of DNA (>1 µg) [Barros-Silva et al.,
2018, Lister et al., 2009, Lipka et al., 2014]. Recent advances in WGBS have reduced
the amount of starting material required to nanograms, which has enabled genome-
wide DNA methylation profiling of rare cell populations, such as HSCs [Wang et al.,
2013, Miura et al., 2012]. For instance, tagmentation-based whole genome bisulfite
sequencing (TWGBS) requires only 5 to 30 ng of genomic DNA. TWGBS uses a Tn5
transposase to fragment genomic DNA and ligate sequencing adapters in a single
step that is followed by bisulfite conversion and PCR-amplification of sequencing
libraries [Wang et al., 2013, Lipka et al., 2014]. In this doctoral thesis, TWGBS was
used to generate genome-wide and high coverage DNA methylation profiles starting
from 10,000 FACS-sorted hematopoietic cells per replicate.
Recent technological advances have made it possible to profile genome-wide DNA
methylation patterns at the single-cell level, covering up to 50% of all CpG dinu-
cleotides [Smallwood et al., 2014, Farlik et al., 2015, Clark et al., 2017, Mulqueen
et al., 2018]. For example, single-cell bisulfite sequencing (scBS-seq) established by
Clark et al. uses post-bisulfite adaptor tagging (PBAT), a method that bisulfite
converts and fragments the genomic DNA in a single step before sequencing adap-
tor ligation [Clark et al., 2017]. Building on single-cell DNA methylation profiling,
single-cell multi-omics approaches have been developed to generate transcriptomic
and epigenetic profiles from a single cell [Clark et al., 2018]. Despite the sparsity of
single-cell DNA methylation profiles, studies have revealed epigenetic heterogeneity
within cell populations [Macaulay et al., 2017, Angermueller et al., 2016].
Nanopore sequencing, a third generation sequencing approach, records changes
to an electrical current as a single nucleotide sequence is passed through a protein
nanopore. The resulting signal can be translated into a DNA sequence and can even
be used to distinguish modified bases, including methylated cytosines. Although
this technology is still in the early stages of development and not yet feasible on
low input samples or on single cells, nanopore sequencing is a promising technology,
which might allow direct analysis of DNA modifications without the currently needed
bisulfite conversion step [Laszlo et al., 2013, Schatz, 2017].
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1.1.5 Analysis of genome-wide DNA methylation data
Beta-values are a measure to describe the DNA methylation levels of single CpG
sites or of genomic regions. Beta-values, ranging from 0 to 1, are defined as the ratio
of methylated CpGs to the sum of methylated and unmethylated CpGs [Du et al.,
2010].
Various bioinformatic and statistical approaches have been developed to analyze
large-scale and genome-wide DNA methylation data. The analysis consists of two
major steps: first, alignment of bisulfite-converted sequencing reads and DNA methy-
lation calling. Second, the detection of differentially methylated CpGs, also referred
to as differentially methylated loci (DML), between two different biological con-
ditions. These DMLs are then merged to define differentially methylated regions
(DMRs), which are genomic regions of multiple adjacent CpG sites with different
methylation levels across multiple samples. DMRs often overlap with cis-regulatory
regions and therefore influence the regulation of gene expression. The size of DMRs
is typically in the range of a few hundred to a few thousand bases [Bock, 2012].
1.2 The hematopoietic system
The mammalian blood system consists of multiple mature hematopoietic cell types,
including erythrocytes, platelets, monocytes, granulocytes, mast cells, dendritic cells,
T and Blymphocytes, and natural killer (NK) cells [Seita and Weissman, 2010].
These mature blood cells fulfill essential cellular functions in the mammalian body.
For instance, erythrocytes are required for the transport of oxygen and nutrients,
while platelets play an important role in wound healing. A variety of immune cells,
such as granulocytes, monocytes, dendritic cells, and lymphocytes, are responsible
for naïve and adaptive immunity. Given that most mature blood cells are short-lived
(hours to a few weeks), the hematopoietic system needs to be continually replenished
in a process referred to as hematopoiesis. Approximately, 3x105 erythrocytes and
3x104 leukocytes (white blood cells) are generated per second in an adult human
under homeostatic conditions [Takizawa et al., 2012].
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1.2.1 Hematopoietic stem cells
Hematopoietic stem cells (HSCs) reside at the apex of the hematopoietic system and
are responsible for the production of all blood cells. [Seita and Weissman, 2010].
HSCs are a rare cell population, which represent approximately 0.001% of the bone
marrow of an adult mouse [Harrison et al., 1993]. By the classical definition, HSCs
have two unique features: first, HSCs are multipotent cells that possess the capabil-
ity of producing all hematopoietic cell types. Second, in a process called self-renewal
HSCs are able to divide and generate novel multipotent HSCs without apparent
differentiation. The self-renewal capacity of HSCs is essential for the life-long main-
tenance of the hematopoietic system [Seita and Weissman, 2010, Haas et al., 2018].
In the mouse, HSCs are immunophenotypically defined as Lin- Sca1+ cKit+ (LSK)
CD150+ CD48- bone marrow cells [Wilson et al., 2008, Cabezas-Wallscheid et al.,
2014].
Under homeostatic conditions, murine HSCs reside in a quiescent state in the bone
marrow and infrequently contribute to blood production [Wilson et al., 2008]. In
situ lineage tracing studies have revealed that steady-state hematopoiesis is predom-
inantly maintained by multipotent progenitor cells (MPPs), which possess restricted
self-renewal capacity compared to HSCs [Busch et al., 2015, Sun et al., 2014]. In
response to infection, inflammation, or blood loss, dormant HSCs are forced into
cycle and actively contribute to the recovery of the hematopoietic system [Essers
et al., 2009, Takizawa et al., 2011, Baldridge et al., 2010, Cheshier et al., 2007].
However, exit from dormancy is associated with the production of reactive oxygen
species (ROS) that induce DNA damage, consequently resulting in impaired stem
cell function [Walter et al., 2015].
For many years, the HSC pool was considered to be a homogenous cell population
of multipotent cells with balanced differentiation output. However, comprehensive
single-cell transplantation assays and the advent of single-cell transcriptomics have
revealed considerable heterogeneity within the HSC pool with respect to their self-
renewal capacity and lineage potential [Muller-Sieburg et al., 2004, Dykstra et al.,
2007, Sanjuan-Pla et al., 2013, Guo et al., 2013, Yamamoto et al., 2013, Velten et al.,
2017]. Subsequent studies have illustrated the prospective isolation of lymphoid-,
myeloid-, and megakaryocytic-biased HSCs [Beerman et al., 2010, Challen et al.,
2010, Morita et al., 2010, Sanjuan-Pla et al., 2013, Gekas and Graf, 2013]. Nowa-
days, it is accepted that the majority of HSCs have uni- or bilineage differentiation
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potential. Notably, the existence of lineage-biased HSCs has been confirmed under
unperturbed conditions, showing that megakaryopoiesis is the predominant fate of
HSCs [Rodriguez-Fraticelli et al., 2018]. The lineage bias of individual HSCs can
be propagated in serial transplantation assays, suggesting that the observed HSC
heterogeneity is not a stochastic phenomenon [Dykstra et al., 2007, Muller-Sieburg
et al., 2002, Yu et al., 2017, Challen et al., 2010, Naik et al., 2013], but rather
determined by cell-intrinsic epigenetic mechanisms [Yu et al., 2017].
1.2.2 The classical model of the hematopoietic hierarchy
The classical model of hematopoiesis postulates a hierarchical and tree-like bifur-
cation model with HSCs located at the apex. HSCs give rise to progenitor cell
populations in a step-wise differentiation process that is accompanied by a gradual
loss of both, multipotency and self-renewal capacity (Figure 1.4) [Seita and Weiss-



































Figure 1.4: The classical hierarchical model of the hematopoietic system. In the
classical model of hematopoiesis, HSCs reside at the apex of the hierarchy and give rise to
homogenous progenitor cell populations in a step-wise differentiation process (Figure modified
from Laurenti et al. [Laurenti and Gottgens, 2018]).
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Immunophenotypic definitions of hematopoietic cell populations allow the prospec-
tive purification of hematopoietic cell types using fluorescence activated cell sorting
(FACS). According to the classical view of hematopoiesis, these cell surface marker-
defined hematopoietic cell populations are considered to be discrete and homogenous
cell populations. Notably, the classical model of hematopoiesis was developed based
on these surface marker-defined cell populations and the subsequent functional char-
acterization of their lineage potential using ex vivo and in vivo assays [Laurenti and
Gottgens, 2018].
Within the HSC pool, two distinct HSC subpopulations can be distinguished,
which differ in their repopulating capacity. Long-term HSCs (in this thesis referred
to as HSCs: LSK CD150+ CD48- CD34-) reconstitute and sustain the hematopoietic
system throughout life, while short-term HSCs (in this thesis referred to as MPP1:
LSK CD150+ CD48- CD34+) maintain the hematopoietic system for only a few weeks
post transplantation [Morrison and Weissman, 1994, Morrison et al., 1997, Yang
et al., 2005]. Short-term HSCs (or MPP1 cells) further restrict their self-renewal
capacity as they differentiate to produce multipotent progenitor cells (MPPs), which
show limited to no engraftment in transplantation experiments [Adolfsson et al.,
2001].
According to the classical hierarchical model, MPPs differentiate into oligopotent
common myeloid progenitors (CMPs) or common lymphoid progenitors (CLP), which
is the first lineage commitment step that separates the myelo-erythroid and the lym-
phoid branches. CMPs can give rise to more restricted oligopotent and bipotent
progenitor cells, namely megakaryocyte erythroid progenitors (MEPs) and granu-
locyte macrophage progenitors (GMPs). These oligopotent progenitor cells further
differentiate into unipotent populations that ultimately give rise to mature blood
cells, which execute the essential biological functions within the hematopoietic sys-
tem (Figure 1.4) [Akashi et al., 2000, Kondo et al., 1997, Na Nakorn et al., 2002, Haas
et al., 2018, Laurenti and Gottgens, 2018].
1.2.3 Findings that challenged the classical model of
hematopoiesis
The implementation of additional surface marker combinations identified hematopoi-
etic subpopulations and suggested several modifications of the classical hierarchical
tree of hematopoiesis [Adolfsson et al., 2005, Sanjuan-Pla et al., 2013, Yamamoto
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et al., 2013, Pietras et al., 2015]. For instance, the MPP population can be subdivided
into MPP2, MPP3, and MPP4 cells [Wilson et al., 2008], which have been shown
to exhibit distinct lineage potentials. MPP2 cells show a predominantly megakary-
ocytic and erythroid differentiation bias, while MPP3 and MPP4 cells display a
myeloid and lymphoid differentiation bias, respectively (Figure 1.5) [Pietras et al.,
2015, Rodriguez-Fraticelli et al., 2018]. Furthermore, the identification of lymphoid-
primed multipotent progenitors (LMPP) revealed that the myeloid and lymphoid
branches remain associated further down in the hierarchy [Adolfsson et al., 2005].
In addition, HSCs with megakaryocyte-restricted lineage potential have been identi-
fied. These primed HSCs are able to produce megakaryocyte-restricted progenitors
in a direct shortcut from HSCs without transitioning through oligopotent progenitor
populations [Haas et al., 2015, Notta et al., 2016, Yamamoto et al., 2013, Sanjuan-






























Figure 1.5: Lineage-biased subpopulations of multipotent progenitor cells. Multipotent
progenitors (MPPs) can be subdivided into functionally and molecularly distinct subpopulations,
namely MPP2, MPP3, and MPP4. MPP2 are erythroid- and megakaryocyte-primed cells. MPP3




1.2.4 The revised continuum model of hematopoiesis
Recent studies based on single-cell transplantation assays, in situ lineage tracing in
unperturbed hematopoiesis, and single-cell transcriptome profiling have challenged
fundamental aspects of the tree-like model and suggested a revised continuum model
of hematopoietic commitment [Velten et al., 2017, Paul et al., 2015, Macaulay et al.,
2016, Nestorowa et al., 2016, Notta et al., 2016].
In contrast to the homogenous HSC population suggested by the classical model,
the revised model takes into account recent findings that the immunophenotypic HSC
compartment is functionally heterogeneous and in fact harbors lineage-biased HSCs,
indicating early lineage segregation [Dykstra et al., 2007, Morita et al., 2010, Ya-
mamoto et al., 2013, Muller-Sieburg et al., 2004, Velten et al., 2017, Rodriguez-
Fraticelli et al., 2018]. Further evidence for early commitment decisions is evident in
the oligopotent progenitor populations, including CMPs, GMPs, and MEPs. Based
on various methods, these progenitor cell populations have been shown to be func-
tionally and molecularly heterogeneous with unilineage transcriptional profiles [Paul
et al., 2015, Notta et al., 2016, Karamitros et al., 2018, Perie et al., 2015, Buenrostro
et al., 2018, Rodriguez-Fraticelli et al., 2018]. Importantly, in situ lineage tracing
confirmed that oligopotent progenitor cell populations have predominantly unilin-
eage output during steady-state hematopoiesis [Rodriguez-Fraticelli et al., 2018].
Collectively, these studies showed that surface marker-defined cell populations are
heterogeneous and consequently proposed that lineage commitment occurs early at
the level of immunophenotypic HSCs and MPPs.
Transcriptional snapshots of thousands of individual hematopoietic cells enabled
the in silico reconstruction of differentiation trajectories that were purely based on
the similarity of single-cell transcriptomes, and independent of known surface mark-
ers. These single-cell RNA sequencing (scRNA-seq) studies revealed that HSCs con-
tinuously acquire lineage-committed transcriptional states without passing through
discrete progenitor cell populations [Velten et al., 2017, Macaulay et al., 2016,
Nestorowa et al., 2016, Karamitros et al., 2018, Giladi et al., 2018] and indicated
the presence of early lineage priming in the hematopoietic stem and progenitor cell
(HSPC) compartment [Velten et al., 2017, Nestorowa et al., 2016]. Interestingly, the
finding of continuous hematopoietic differentiation was consistent across different
species including humans, mice, and zebrafish [Velten et al., 2017, Macaulay et al.,
2016, Nestorowa et al., 2016, Karamitros et al., 2018, Giladi et al., 2018].
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In summary, the revised model of hematopoiesis illustrates a differentiation contin-
uum with lineage-restriction occurring as early as in the immunophenotypic HSPC








Figure 1.6: The continuum model of hematopoiesis. The continuum model of hematopoiesis
indicates a continuous differentiation process with early lineage priming and the presence of unipo-
tent cells within the HSPC compartment. Several representations of the continuum model have
been suggested (Laurenti2018). This illustration has been modified from Velten et al. They devel-
oped STEMNET, a dimensionality reduction algorithm, to visualize the continuous differentiation
landscape of human hematopoietic stem and progenitor cells [Velten et al., 2017].
1.3 Epigenetics in hematopoiesis
Hematopoiesis is tightly regulated at both the epigenetic and transcriptional levels.
Epigenetic integrity is essential for normal hematopoietic differentiation and defects
in the epigenetic machinery have been implicated in hematopoietic abnormalities.
The first experimental proof that DNA methylation plays a fundamental role
in the regulation of hematopoietic differentiation came from Dnmt1-hypomorphic
mice, which show perturbed multilineage differentiation with impaired lymphoid
output [Broske et al., 2009]. Along these lines, conditional inactivation of epige-
netic regulators, such as Dnmt3a, Dnmt3b, and Tet2, in murine HSCs resulted in
enhanced self-renewal capacity and in impaired differentiation potential [Challen
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et al., 2011, Challen et al., 2014, Jeong et al., 2018, Moran-Crusio et al., 2011].
More importantly, in humans, recurrent mutations in epigenetic modifiers, such as
DNMT3A, TET2, and ASXL1, have been identified to play a role in the development
of age-related clonal hematopoiesis (ARCH) and hematological malignancies, includ-
ing acute myeloid leukemia (AML) and myelodysplastic syndromes (MDS) [Genovese
et al., 2014, Jaiswal et al., 2014, Xie et al., 2014, Ley et al., 2010, Walter et al.,
2011, Delhommeau et al., 2009, Steensma et al., 2015].
1.3.1 Epigenome dynamics during hematopoietic
differentiation
Early array-based studies demonstrated a high plasticity of the DNA methylome
during hematopoiesis and identified characteristic DNA methylation patterns of ter-
minally differentiated blood cell types. The exploration of differential DNA methy-
lation revealed an enrichment of lineage-specific transcription factor binding sites in
hypomethylated regions and linked DNA methylation dynamics to gene expression
changes. As a result, several genes and pathways have been identified that regulate
lymphoid versus myeloid differentiation [Ji et al., 2010, Hodges et al., 2011].
The development of RRBS enabled a more comprehensive DNA methylation map
of murine hematopoietic cell populations. This demonstrated that lineage- and cell
type-specific DNA methylation patterns were maintained in terminally differentiated
cells, suggesting that DNA methylation changes function as epigenetic switches that
determine the cellular identity by preventing aberrant transcription factor binding
[Bock et al., 2012].
The first genome-wide DNA methylation map of the murine HSPC compart-
ment was generated using TWGBS. This study demonstrated that DNA methy-
lation changes already occur during early hematopoietic commitment. The majority
of DMRs were found at distal cis-regulatory regions that affect the expression of
stemness- and lineage-specific genes, substantiating the role of DNA methylation in
lineage specification. Importantly, the majority of DNA methylation changes were
unidirectional, either showing a progressive loss or gain of DNA methylation dur-
ing early hematopoietic differentiation [Cabezas-Wallscheid et al., 2014, Lipka et al.,
2014].
Recently, genome-wide DNA methylation profiles of human hematopoietic cells
showed not only high DNA methylome plasticity between hematopoietic cells types,
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but also revealed variations in DNA methylation patterns dependent on the tis-
sue source. Furthermore, these data have been used to bioinformatically infer a
methylome-based model of human hematopoietic differentiation [Farlik et al., 2016],
however, none of the currently available human DNA methylation maps covers all
hematopoietic lineages.
In line with DNA methylation dynamics, genome-wide mapping of histone modi-
fications using ChIP-seq identified lineage-specific enhancer programs that were en-
riched for lineage-specific transcription factor binding motifs. The enhancer land-
scape significantly changed during hematopoietic differentiation and was accompa-
nied by the de novo establishment of lineage-specific enhancers [Lara-Astiaso et al.,
2014]. Furthermore, genome-wide chromatin accessibility studies using bulk and
single-cell ATAC-seq identified cell type-specific open chromatin regions enriched for
binding motifs of key hematopoietic transcription factors. In addition, these studies
detected epigenetic heterogeneity within surface marker-defined hematopoietic pro-
genitor cell populations [Corces et al., 2016, Buenrostro et al., 2018]. Finally, analysis
of promoter-associated genomic architecture of human hematopoietic cells using Hi-
C revealed cell type-specific promoter interactomes that reflect known hematopoietic
cellular relationships [Javierre et al., 2016].
Collectively, epigenetic changes during hematopoiesis revealed that the epigenome
reflects and probably instructs hematopoietic lineage commitment. Various studies
imply that epigenetic patterns are more precise in defining the cell identity and the
differentiation stage as compared to gene expression profiles [Corces et al., 2016, Bock
et al., 2012, Cabezas-Wallscheid et al., 2014, Lipka et al., 2014]. This also indicates
that the epigenetic landscape facilitates and coordinates transcriptional responses.
Future work integrating recently developed single-cell technologies for epigenomics,
transcriptomics, proteomics, and lineage tracing will provide molecular insights into
how hematopoietic differentiation is regulated at the single-cell level [Shema et al.,




In the landmark publication ‘Hallmarks of Aging’, the process of aging was broadly
defined as “the time-dependent functional decline that affects most living organ-
isms” [Lopez-Otin et al., 2013]. Further to this, aging is characterized by the pro-
gressive functional degeneration of many tissues and increased risk of age-related dis-
eases, such as cancer, diabetes, cardiovascular disorders, and neurodegenerative ab-
normalities. The hallmarks of aging include "genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochon-
drial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication." [Lopez-Otin et al., 2013]. Furthermore, aging is associated with
chronic, low-grade inflammation of several tissues and organs, a phenomenon referred
to as ‘inflammaging’, which contributes to age-related pathologies [Kovtonyuk et al.,
2016]. Within regenerating tissues, such as the hematopoietic system, the progres-
sive age-related tissue decline is likely driven by the functional exhaustion of adult
stem cells, which is accompanied by abnormalities in the stem cell epigenome [Rossi
et al., 2008, Beerman and Rossi, 2014].
1.4.1 DNA methylation changes associated with aging
The epigenetic landscape of a cell gradually shifts during aging [Michalak et al., 2019].
Initially, global DNA hypomethylation was suggested as a general hallmark of aging
in various tissues [Wilson and Jones, 1983]. However, recent studies have shown that
aging is associated with both DNA methylation loss in heterochromatin regions and
locus-specific gain of DNA methylation in promoter regions [Unnikrishnan et al.,
2018, Beerman et al., 2013, Rakyan et al., 2010, Teschendorff et al., 2010]. The
so-called epigenetic drift likely establishes an age-related transcriptional response,
causing the onset of aging phenotypes [Hannum et al., 2013, Beerman et al., 2013].
Based on aging-associated epigenetic drift, a number of DNA methylation clocks
have been described in order to estimate the chronological age of an organism. These
single-tissue or multi-tissue age estimators are based on DNA methylation values of a
few specific CpG sites, ranging from 3 to 353 CpGs in murine and human methylation
clocks [Bocklandt et al., 2011, Garagnani et al., 2012, Hannum et al., 2013, Horvath,




1.4.2 Hematopoietic stem cell aging
The hematopoietic system experiences functional and molecular changes during ag-
ing [Akunuru and Geiger, 2016, Choudry and Frontini, 2016]. In humans, aged
hematopoiesis is clinically characterized by peripheral blood cytopenias, decreased
bone marrow cellularity, immune dysfunction, increased incidence of thrombosis, and
clonal hematopoiesis with an increased risk for myeloid malignancies [Choudry and
Frontini, 2016]. Age-related clonal hematopoiesis (ARCH) is defined as the expan-
sion of one or more HSC clones that sustain the production of mature blood cells,
preferentially of myeloid cells, in elderly people. ARCH is further characterized by
the acquisition of somatic mutations in HSCs. These mutations frequently affect
known oncogenic drivers in AML and MDS, including epigenetic modifiers such as
DNMT3A, TET2, and ASXL1 [Genovese et al., 2014, Jaiswal et al., 2014, Xie et al.,
2014, Ley et al., 2010, Walter et al., 2011, Delhommeau et al., 2009, Steensma et al.,
2015]. It is possible that many of these aging-related phenotypes result from func-
tionally impaired cells within the aged HSC pool [Rossi et al., 2008].
Aging of HSCs has been extensively investigated in laboratory mice, identifying
profound changes in the HSC self-renewal capacity and differentiation potential [Dyk-
stra et al., 2011, Sudo et al., 2000, Rossi et al., 2005, Akunuru and Geiger, 2016]. The
self-renewal capacity of aged HSCs is decreased compared to their young counterparts
as shown by reduced reconstitution in serial transplantation studies. The self-renewal
capacity of HSCs appears to be inversely correlated with the replication history of
HSCs [Dykstra et al., 2011, Sudo et al., 2000, Bernitz et al., 2016]. Furthermore,
immunophenotypic HSCs significantly expand over time [Sudo et al., 2000], which is
accompanied by alterations in the composition of the HSC pool. Accordingly, HSC
aging is associated with an increase in myeloid- and megakaryocytic-biased HSCs
causing enhanced myeloid and megakaryocytic lineage output at the expense of lym-
phoid cells (Figure 1.7) [Beerman et al., 2010, Challen et al., 2010, Dykstra et al.,
2011, Gekas and Graf, 2013, Grover et al., 2016, Rundberg Nilsson et al., 2016].
In line with this, a recent study tracking label retention of HSCs in vivo demon-
strated that phenotypic HSCs that have proliferated and lost label show a myeloid-
and megakaryocytic-restricted lineage potential [Bernitz et al., 2016]. Similar to
mice, human immunophenotypic HSCs expand with age and become functionally
compromised showing a myeloid bias in xenotransplantation studies [Pang et al.,














Figure 1.7: Hematopoietic stem cell aging. Aging of the HSC pool is associated with
decreased self-renewal capacity and an expansion of myeloid- and megakaryocyte-biased HSCs
leading to a skewed myeloid and megakaryocytic lineage outcome in aged hematopoiesis. Molecular
mechanisms that drive the aging phenotype include changes in the epigenetic landscape (‘epigenetic
drift’), accumulation of DNA damage, telomere shortening, and loss of the polar distributions of
cytoskeletal proteins and epigenetic markers.
Several molecular mechanisms have been identified to be involved in the functional
decline of HSCs, including accumulation of DNA damage, telomere shortening, de-
creased cellular polarity, and metabolic alterations (Figure 1.7) [Akunuru and Geiger,
2016, Florian et al., 2012, Beerman et al., 2014]. In addition, HSC aging is associ-
ated with a remarkable epigenetic drift, including changes in the DNA methylome
and altered histone modifications [Choudry and Frontini, 2016, Beerman and Rossi,
2014]. Of note, reprogramming of HSCs via induced pluripotent stem cells rejuve-
nated aged murine HSCs, suggesting that the impaired function of aged HSCs is
primarily driven by the epigenetic drift [Wahlestedt et al., 2017]. Indeed, studies
investigating the DNA methylome of young and aged HSCs identified locus-specific
alterations, which affected genomic regions associated with hematopoietic lineage
potential. Specifically, hypermethylated DMRs overlapped with genes involved in
lymphoid and erythroid lineage specification [Beerman et al., 2013, Taiwo et al.,
2013, Sun et al., 2014]. Recently, changes in the epigenetic landscape of aged hu-
man HSCs have been detected, which mainly affect developmental and cancer path-
ways [Adelman et al., 2019]. Despite the evidence demonstrating an epigenetic drift
in aged HSCs, the molecular mechanisms by which these epigenetic alterations cause
the functional decline and lineage bias of aged HSCs remains poorly understood.
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Overall, DNA methylation dynamics play a fundamental role during hematopoietic
differentiation, however, it is not fully understood how DNA methylation changes are
globally programmed throughout the entire hematopoietic system. In this doctoral
thesis, whole-genome bisulfite sequencing was used to generate a DNA methylome
map of murine hematopoiesis, which provided novel insights into DNA methylation
programming during hematopoietic differentiation. The understanding of how nor-
mal hematopoiesis is regulated at the epigenetic level is the basis for the investigation
of altered DNA methylation patterns in aberrant hematopoiesis.
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Aims of the Thesis
The classical hierarchical model of hematopoiesis has been modified based on recent
single-cell transcriptome analyses, which indicate a continuous rather than a step-
wise differentiation process. While differentiation trajectories can be inferred from
single-cell transcriptomic snapshots of differentiating cells [Velten et al., 2017, Giladi
et al., 2018, Nestorowa et al., 2016, Dahlin et al., 2018, Macaulay et al., 2016], it
remains a challenge to identify definitive points of commitment along these trajecto-
ries. However, the identification of such molecular commitment decisions is essential
to accurately model the hematopoietic system.
5-Methylcytosine is a stable epigenetic mark that upon cell division is inherited by
the daughter cells in the form of an epigenetic memory, but at the same time, is dy-
namically regulated during the process of cellular differentiation [Kim and Costello,
2017]. Whole genome DNA methylation data jointly published by the laboratories
of my supervisors Daniel Lipka and Michael Milsom revealed progressive epigenetic
changes during early hematopoietic commitment, showing either a continuous loss or
gain of methylation from hematopoietic stem cells (HSCs) to the most differentiated
multipotent progenitor populations (MPPs) [Cabezas-Wallscheid et al., 2014, Lipka
et al., 2014]. These early methylation changes were conserved in mature blood or-
gans like the bone marrow, spleen, or thymus, but non-hematopoietic tissues and
immature murine embryonic stem cells lacked this epigenetic pattern [Lipka et al.,
2014].
Based on the observed DNA methylation dynamics during early hematopoiesis
[Cabezas-Wallscheid et al., 2014, Lipka et al., 2014], we hypothesize that DNA
methylation dynamics are progressive and unidirectional during the process of hemato-
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poietic differentiation. The progressive nature of DNAmethylation during hematopoi-
etic differentiation, in combination with an epigenetic memory, seem to be unique
features of this epigenetic mark that might be beneficial for the identification of defini-
tive molecular commitment points and the deconvolution of hematopoietic differen-
tiation trajectories. The aim of this doctoral thesis was to generate the first genome-
wide DNA methylation map of the murine hematopoietic system at single-CpG res-
olution using tagmentation-based whole genome bisulfite sequencing (TWGBS).
The primary objectives of this doctoral thesis were:
1. Establish sorting schemes for hematopoietic cell populations
2. Sort hematopoietic cell populations at high purity and generate TWGBS li-
braries
3. Identification of cell type- and lineage-specific DNA methylation programs
4. Validation of the progressivity and unidirectionality concept of DNA methyla-
tion dynamics during hematopoietic differentiation
5. Model the hematopoietic system based on DNA methylation dynamics
6. Correlate identified DNA methylation programs with gene expression profiles,
binding motifs of hematopoietic transcription factors, and published hematopoi-
etic enhancer programs
7. Investigate DNA methylation reprogramming events during HSC aging in the
context of the murine DNA methylation map of normal hematopoiesis
Collectively, the resulting DNA methylation map of murine hematopoiesis will en-
hance our knowledge about how DNA methylation is programmed during hematopoi-
etic lineage commitment and will function as a rich resource to study aberrant DNA




3.1 Generation of a genome-wide DNA methylation
map of murine hematopoiesis
Hematopoietic differentiation is tightly regulated by epigenetic changes that re-
flect hematopoietic lineage specification. Several studies of immunophenotypically
defined hematopoietic cell populations demonstrated high plasticity of the DNA
methylome during hematopoietic differentiation and identified DNAmethylation pat-
terns that are characteristic for hematopoietic lineages and cell types [Farlik et al.,
2016, Lipka et al., 2014, Cabezas-Wallscheid et al., 2014, Bock et al., 2012, Hodges
et al., 2011, Ji et al., 2010]. Moreover, tagmentation-based whole genome bisul-
fite sequencing (TWGBS) enabled the first genome-wide DNA methylation map of
early hematopoiesis. This study revealed early DNA methylation dynamics at the
hematopoietic stem and progenitor cell (HSPC) level and suggested that hematopoi-
etic differentiation is accompanied by progressive and unidirectional DNA methyla-
tion dynamics [Lipka et al., 2014, Cabezas-Wallscheid et al., 2014].
As a continuation of this project, we applied TWGBS to generate a genome-wide
DNA methylation map of the entire hematopoietic system. This map encompasses
26 surface marker-defined hematopoietic cell populations comprising all blood lin-
eages, including HSPC populations (subpopulations of the Lin- Sca1+ cKit+ (LSK)
compartment), committed progenitors, and terminally differentiated cell types (Fig-
ure 3.1 a). The hematopoietic cell populations were isolated from the bone marrow
or spleen of 8-12 weeks-old C57BL/6J mice by fluorescence-activated cell sorting
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Lin-
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Figure 3.1: Generation of a genome-wide DNA methylation map of the murine
hematopoietic system. a, Hematopoietic cell populations were isolated by FACS from the
bone marrow or spleen of 8-12 weeks-old C57BL/6J mice, including hematopoietic stem and pro-
genitor cell populations, committed progenitors, and differentiated blood cells. In total, 26 cell
populations were sorted from pools of mice in at least biological duplicates (in collaboration with
Dr. Ruzhica Bogeska and Dr. Melinda Czeh) and subjected to TWGBS, followed by data pro-
cessing and integrative data analysis. HSC, hematopoietic stem cell; MPP, multipotent progenitor
population; MEP, megakaryocyte erythroid progenitor; preMegE, pre-megakaryocyte-erythroid
progenitor; MkP, megakaryocyte progenitor; GMP, granulocyte macrophage progenitor; cMoP,
common monocyte progenitor; MDP, monocyte-dendritic cell progenitor; CDP, common dendritic
cell progenitor; CLP, common lymphoid progenitor; CFU-E, colony forming unit-erythroid; Meg,
megakaryocyte; Neu, neutrophil; Eos, eosinophil; Mo, monocyte; pDC, plasmacytoid dendritic
cell; cDC, conventional dendritic cell; B, B cell; T, T cell. b, Representative sorting scheme for
the isolation of primary HSPC populations (Lin- Sca1+ cKit+): HSC (CD150+ CD48- CD135-
CD34-), MPP1 (CD150+ CD48- CD135- CD34+), MPP5 (CD150- CD48- CD135- CD34+), MPP2
(CD150+ CD48+ CD135- CD34+), MPP3 (CD150- CD48+ CD135- CD34+), MPP4 (CD150-
CD48+ CD135+ CD34+). Sorting schemes for committed progenitors and differentiated blood
cells are shown in Figure A.1 and A.2, respectively.
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(FACS) using antibody panels targeting cell type-specific surface marker proteins
(Figure 3.1 b, Figure A.1 and A.2). As part of this doctoral thesis, several sorting
schemes for hematopoietic cell populations were established.
For each hematopoietic cell population, at least two biological replicates were
isolated from a pool of mice (in collaboration with Dr. Ruzhica Bogeska and Dr.
Melinda Czeh) and subjected to library preparation for TWGBS, followed by data
processing and integrative data analysis (Figure 3.1 a). The purity of FACS-sorted
cell populations was verified by a re-sort of purified cells. Sorted populations with a
purity less than 80% were excluded subsequent TWGBS.
Of note, the CMP compartment was further separated into two functionally and
transcriptionally distinct subpopulations based on the expression of the surface marker
CD55, with CMP CD55− cells predominantly producing myeloid cells and CMP
CD55+ cells mainly generating erythroid and megakaryocytic cells (Figure 3.1 a)
[Guo et al., 2013].
Overall, TWGBS provided robust DNA methylation data with a merged genome-
wide CpG coverage ranging from 13x to 78x per hematopoietic cell population and
a bisulfite conversion rate >99.9%, as determined by CH methylation levels of Chro-
mosome 1 (Figure 3.2 a, Table A.1). Subopulations of the hematopoietic stem and
progenitor cell compartment revealed the highest global DNA methylation levels of
81% to 82%, which gradually decreased during differentiation in all blood lineages.
Consistent with previous studies [Shearstone et al., 2011], cell types of the erythroid
and megakaryocytic lineages showed the most prominent genome-wide loss of DNA
methylation (>10%) as compared to HSCs (Figure 3.2 b, Table A.1).
Importantly, principal component analysis (PCA) based on DNA methylation lev-
els measured in multicellular ‘Ensembl Regulatory Features’ (promoters, promoter
flanking regions, enhancers, CTCF binding sites, transcription factor binding sites,
and open chromatin regions) demonstrated that DNA methylation profiles cluster
predominantly by cell type, indicating high reproducibility between biological repli-
cates. The PCA also reflected known hematopoietic cellular relationships, indicating
that methylation dynamics in regulatory regions might be critical for cell type spec-
ification. Specifically, principal component (PC) 1 (26.1%) separated hematopoietic
populations based on their cellular differentiation status (immature vs. mature cell
types), while PC2 (13.0%) separated the different blood lineages from each other
(Figure 3.2 c).
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Figure 3.2: Quality control of hematopoietic DNA methylation profiles.
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3 Results
Figure 3.2: Quality control of hematopoietic DNA methylation profiles. TWGBS was
performed to generate DNA methylation profiles of 26 hematopoietic cell types (n ≥ 2). a, Box-
plot showing the median genome-wide CpG coverage of 1x106 randomly sampled CpG sites per
cell population. b, Violin plot showing the distribution of CpG methylation levels across 1x106
randomly sampled CpG sites per cell population. c, PCA based on DNA methylation levels in
’Ensembl Regulatory Features’ (promoters, promoter flanking regions, enhancers, CTCF binding
sites, transcription factor binding sites, open chromatin regions). Each dot represents a biological
replicate. d, Pearson’s correlation matrix of biological replicates based on DNA methylation levels
in ’Ensembl Regulatory Features’. Rows and columns of the Pearson’s correlation matrix were ar-
ranged by Ward’s hierarchical agglomerative clustering. Replicates marked with asterisks indicate
low CpG coverage (i.e. <5).
The reproducibility between biological replicates was further assessed by calcu-
lating the Pearson’s correlation coefficient r between all replicates based on DNA
methylation values in ’Ensembl Regulatory Features’. The Pearson’s r was >0.95
for the majority of the analyzed cell types, with the exception of a few biological
replicates with low CpG coverage (i.e. <5). Clustering of the Pearson’s correlation
matrix confirmed the high concordance of DNA methylation measurements between
biological replicates (Figure 3.2 d).
Taken together, we generated high quality DNA methylation profiles of 26 murine
hematopoietic cells types, which can be used to investigate methylation dynamics
during hematopoietic differentiation.
3.2 Hierarchical clustering of differentially
methylated regions identifies cell type- and
lineage-specific DNA methylation programs
In order to detect genomic regions that are dynamically regulated during the pro-
cess of hematopoietic differentiation, differentially methylated regions (DMRs) were
identified by pairwise comparison of HSCs versus all downstream hematopoietic cell
populations (DMR calling was performed by Stephen Kraemer). As expected, the
number of DMRs correlated with the differentiation status of a hematopoietic cell
population. Early commitment steps within the HSPC compartment were associated
with relatively low numbers of DMRs (32 to 6,496 DMRs). In contrast, committed
progenitors and terminally differentiated cell types showed a gradual increase of
DMRs, ranging from 7,000 DMRs in MkPs to 46,510 DMRs in the CFU-E popula-
27
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Figure 3.3: DNA methylation changes during hematopoietic differentiation are pre-
dominantly associated with loss of DNA methylation. a, DMRs were identified in pairwise
comparisons between HSCs and each of the hematopoietic cell populations (DMR calling was
done by Stephen Kraemer). Bar plot showing the number of DMRs for the individual pairwise
comparisons. The pie charts illustrate the gain (red) or loss (blue) of DNA methylation. Arrows
highlight the higher number of gain of methylation DMRs in lymphoid cell populations compared
to other blood lineages. By merging DMRs resulting from the individual pairwise comparisons,
147,232 unique DMRs (’hematopoietic DMRs’; hDMRs) were identified throughout the hematopoi-
etic system. b, Bar plot showing the genomic regions annotation of the hDMRs. DCRD, distant
cis-regulatory domain; UTR, untranslated region.
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tion (Figure 3.3 a). The majority of DNA methylation changes during hematopoietic
differentiation are characterized by a loss of DNA methylation. In line with previous
studies [Broske et al., 2009, Bock et al., 2012, Farlik et al., 2016], cell populations of
the lymphoid lineage, including CLPs, B and T cells, revealed more DMRs associ-
ated with a gain of DNA methylation compared to other blood lineages. Strikingly,
the lymphoid-specific gain of DNA methylation seems to be already detectable in
the lymphoid-primed MPP4 population (Figure 3.3 a).
By merging DMRs resulting from the individual pairwise comparisons, we iden-
tified 147,232 unique DMRs throughout the hematopoietic system, which we des-
ignated as so-called ‘hematopoietic DMRs’ (hDMRs) (Figure 3.3 a). The majority
of hDMRs are located in intragenic regions (45.6%), followed by promoter regions
(18.6%), intergenic regions (15.0%), distal cis-regulatory domains (DCRD, 50,000
- 5,000 upstream of TSS) (14.2%), exons (4.0%), and finally 5’-UTRs (2.5%). No
hDMRs were found in the 3’-UTRs (Figure 3.3 b).
Unsupervised hierarchical clustering of the 147,232 hDMRs using z-score transformed
methylation beta-values identified 29 clusters of hDMRs that revealed cell type-
or lineage-specific methylation programs (in collaboration with Stephen Kraemer).
DNA methylation clusters with similar methylation dynamics were fused to eight
cell type- or lineage-specific methylation cluster sets, namely erythroid, HSPC, T
lymphoid, megakaryocytic, B lymphoid, dendritic, pan-hematopoietic, and myeloid
cluster sets (Figure 3.4 a). In general, the methylation programs were defined based
on the cell type- or lineage-specific loss of DNA methylation. For instance, the B
lymphoid cluster 13 shows a specific DNA methylation loss in B cells. Notably, the
B lymphoid-specific demethylation is already present in the CLP population (Figure
3.4 a). This loss of DNA methylation is further highlighted by beta-value deltas
calculated in relation to HSCs (Figure 3.4 b). Similarly, the erythroid, T lymphoid,
megakaryocytic, dendritic, and myeloid cluster sets comprise hDMRs with lineage-
specific loss of DNA methylation in the respective blood cell lineages. In addition,
the HSPC-specific cluster set is characterized by hDMRs with low methylation lev-
els in the HSPC populations, while the pan-hematopoietic clusters are comprised of
hDMRs, which exhibit high DNA methylation levels in HSCs and low DNA methy-
lation levels in the majority of the more differentiated hematopoietic cell populations
(Figure 3.4 a, b).
The number of hDMRs per cluster varied from 936 hDMRs in the pan-hematopoietic
29
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Figure 3.4: Clustering of hematopoietic DMRs identifies cell type- and lineage-specific
DNA methylation programs. a, Heatmap showing hDMRs clustered with Ward’s hierarchi-
cal agglomerative clustering method using z-score transformed beta-values (in collaboration with
Stephen Kraemer). In total, 29 distinct cell type- and lineage-specific DNA methylation programs
have been identified, which can be further combined to eight cluster sets. Annotation of clusters
and cluster sets are shown on the left. Annotation of the analyzed cell populations is shown at
the bottom. b, Line plots depicting the beta-value deltas calculated in relation to HSCs for the
following DNA methylation programs: HSPC cluster 7, B lymphoid cluster 13, dendritic cluster
19, and myeloid cluster 29. c, Bar plot showing the number of hDMRs per DNA methylation
cluster.
cluster 21 to 20,552 hDMRs in the erythroid cluster 1 (Figure 3.4 c). Erythropoiesis
was associated with the broadest DNA methylation programming, as demonstrated
by the high number of hDMRs in the erythroid-specific methylation clusters 1-3
(34,257 hDMRs). In addition, erythroid cell populations (MEP and CFU-E) exhib-
ited a rather unspecific DNA methylation loss in nearly all other DNA methylation
clusters (Figure 3.4 a-c).
Given the identification of cell type- and lineage-specific DNA methylation programs,
we first assessed whether genomic regions surrounding TSS of well-characterized
hematopoietic genes are dynamically regulated in the analyzed hematopoietic cell
populations. Indeed, a number of hDMRs overlapped with TSS of key hematopoi-
etic regulators (Lara-Astiaso2014, Giladi2018). DNA methylation changes at such
hDMRs were defined by the gradual loss of DNA methylation in the respective lin-
eage, either showing a continuous broadening or deepening of the DNA methylation
valley (Figure 3.5 a-d). The enzyme myeloperoxidase (Mpo) is synthesized during
myeloid differentiation. Accordingly, the TSS ofMpo overlapped with a hDMR of the
myeloid cluster 29, which showed decreasing DNA methylation levels and increased
in width from HSCs over GMPs towards monocytes and neutrophils. In contrast, cell
populations from other lineages revealed only a minor or no DNA methylation loss
(Figure 3.5 a). Similarly, the TSS of Klf1, a transcription factor important for ery-
thropoiesis, overlapped with a hDMR of the erythroid cluster 1. The demethylation
of this erythroid-specific hDMR was initiated in the erythroid precursor populations
(CMP CD55+, preMegE) and peaked in the more mature erythroid cell populations
(MEP, CFU-E) (Figure 3.5 b). As another example, a hDMR of the dendritic cluster
17, which is in close proximity to the TSS of the transcription factor Irf8, showed
a specific DNA methylation loss in monocytes and dendritic cells, consistent with
its function in the corresponding differentiation trajectories (Figure 3.5 c). Finally,
31
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Figure 3.5: Dynamic DNA methylation changes at transcription start sites of known




Figure 3.5: Dynamic DNA methylation changes at transcription start sites of known
hematopoietic regulators overlap with hDMRs of cell type- and lineage-specific DNA
methylation programs. Genome browser track snapshots depicting DNA methylation levels at
TSS of known hematopoietic regulators in 26 hematopoietic cell populations: Mpo (a), Klf1 (b),
Irf8 (c), and Meis1 (d). DNA methylation levels of individual CpGs are shown on the left hand
side of each panel. Aggregated beta-values per genomic window (5 kb) are depicted in the adjacent
line plots. hDMRs and genes are annotated at the bottom.
two hDMRs of the HSPC cluster 8, which are located at the TSS of Meis1, a key
regulator of stem cell maintenance, showed a gradual gain of DNA methylation from
the HSPCs over the progenitor populations to the terminally differentiated cell pop-
ulations of all hematopoietic lineages (Figure 3.5 d).
To further assess the biological relevance of the identified DNA methylation pro-
grams, the ’Genomic Regions Enrichment of Annotations Tool’ (GREAT) was used
to annotate hDMRs to nearby genes and to predict biological functions of the indi-
vidual DNA methylation programs [McLean et al., 2010]. Using GREAT, we found
that hDMRs are preferentially located near genes associated with lineage-specific
hematopoietic cell function. As a result, Gene Ontology (GO) Biological Process
terms that correlate with hematopoietic lineage specification and function were en-
riched in the corresponding DNA methylation clusters. Accordingly, the myeloid
DNA methylation cluster 29 was enriched for GO terms associated with immune
response of myeloid cells against pathogens, while the T lymphoid cluster 9 was
enriched for GO terms related to leukocyte activation and differentiation (Figure
3.6 a, b). Moreover, the HSPC-specific DNA methylation cluster 6 correlated with
GO terms of immune system development, homeostasis of cell number, and negative
regulation of metabolic processes (Figure 3.6 c). In summary, with the exception of
the erythroid cluster 2 and the megakaryocytic cluster 12, which did not show any
enrichment, the identified DNA methylation clusters were enriched for GO terms
characteristic of the respective lineage specification (Figure A.3).
Collectively, hematopoietic differentiation is characterized by DNAmethylation changes
that reflect the cellular differentiation status. These DNA methylation changes can
be clustered into cell type- and lineage-specific DNA methylation programs that seem
to be essential for lineage specification and cellular function.
33
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Figure 3.6: Cell type- and lineage-specific DNA methylation programs are enriched
for gene ontology terms associated with corresponding hematological processes. GO
enrichment analysis of DNA methylation programs was performed using the GREAT web-tool.
The heatmaps show the aggregated DNA methylation levels per cluster. Bar plots show the
enrichment for the ten most significantly enriched ‘GO Biological Process’ terms. Displayed are -
log10(binominal p-values) for GO terms with a binominal fold enrichment >2. GO term enrichment
analysis for the myeloid cluster 29 (a), the T lymphoid cluster 9 (b), and the HSPC cluster 6 (c).
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3.3 Hematopoietic differentiation trajectories can be
inferred based on progressive and
unidirectional DNA methylation changes
Recent technological advancements have enabled the interrogation of transcriptomes
and epigenomes at single-cell resolution. Single-cell transcriptomic snapshots and
single-cell chromatin accessibility profiles have been used to infer differentiation
trajectories in the hematopoietic system [Giladi et al., 2018, Velten et al., 2017,
Nestorowa et al., 2016, Macaulay et al., 2016, Cabezas-Wallscheid et al., 2017]. For
this purpose, several algorithms have been developed to order individual cells along
their differentiation trajectories. In particular, the diffusion algorithm, is well suited
to infer differentiation trajectories in systems with multiple end points. Diffusion
maps are widely used and can be seen as a non-linear dimensionality reduction
method [Angerer et al., 2016, Haghverdi et al., 2015].
With the aim of using DNA methylation dynamics to infer differentiation trajec-
tories and to model the murine hematopoietic system, we applied the diffusion algo-
rithm implemented in the R package ‘destiny’ to our bulk DNA methylation map of
hematopoiesis [Angerer et al., 2016, Haghverdi et al., 2015]. In line with the observed
massive DNA methylation reprogramming during erythropoiesis, the first diffusion
component (DC1) is mainly described by erythroid differentiation (Figure 3.7 a).
However, plotting the second diffusion component (DC2) versus the third diffusion
component (DC3) resulted in a diffusion map that separated all different hematopoi-
etic cell types and blood lineages (lineage annotation visualized by color) (Figure
3.7 b). The resulting diffusion map indicates known hematopoietic differentiation
trajectories with a branching of the megakaryocytic/erythroid, lymphoid, dendritic,
and myeloid lineages. The observation that the megakaryocytes cluster apart from
the megakaryocytic progenitors suggests that the sorted megakaryocyte population
has differentiated directly from the HSC compartment [Notta et al., 2016, Rodriguez-
Fraticelli et al., 2018, Haas et al., 2015, Yamamoto et al., 2013] (Figure 3.7 b, Figure
A.4).
Furthermore, unsupervised Louvain clustering, a graph-based clustering method,
grouped the hematopoietic cell populations into six clusters (Figure 3.7 c):
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Diffusion Map Based on DNAMethyla�on Dynamics
Figure 3.7: Diffusion map based on DNA methylation remodeling events during
hematopoietic differentiation reflects known cellular relationships. The diffusion al-
gorithm implemented in the R package ‘destiny’ was used to infer a model of the hematopoietic
system in the form of a diffusion map, which is purely based on DNA methylation dynamics during
hematopoietic differentiation. a, Jitter plot showing the diffusion distances for diffusion compo-
nents (DCs) 1-3. Each dot represents a replicate. b, Shown is the diffusion map of DC2 versus
DC3. The dot sizes represent DC1. The lines indicate presumed differentiation trajectories. c,
Louvain clustering identifies related cell types. Depicted are the color-coded Louvain clusters as
identified by the Louvain algorithm (‘destiny’ R package). The Louvain clusters are projected onto




2. Myeloid cells and megakaryocytes
3. Dendritic cells
4. Erythroid and megakaryocytic progenitors
5. Erythroid cells
6. Lymphoid cells
Intriguingly, the previously defined subpopulations of CMPs showed two clearly
distinct DNA methylation patterns. Accordingly, the CD55+ CMPs were assigned to
the Louvain cluster of erythroid and megakaryocytic progenitors, while CD55- CMPs
were assigned to the Louvain cluster of dendritic cells (Figure 3.7 c). These findings
confirmed the existence of two distinct CMP subpopulations at the epigenetic level
and demonstrated that even closely related cell populations harbor unique pigenetic
patterns.
To substantiate our hypothesis that hematopoietic differentiation is accompanied by
progressive and unidirectional DNA methylation changes, we projected the aggre-
gated DNA methylation values of the individual DNA methylation programs onto
the diffusion map. In line with our hypothesis, we could demonstrate that the DNA
methylation programs continuously lose or gain DNA methylation during hematopoi-
etic differentiation. Strikingly, the DNA methylation changes were invariably uni-
directional from HSCs to the most differentiated cell populations, suggesting that
DNA methylation fates remain stable under homeostatic conditions (Figure 3.8, Fig-
ure A.5 and A.6). These unidirectional DNA methylation dynamics can be demon-
strated by the myeloid cluster 29, which reveals a progressive and unidirectional loss
of DNA methylation along the myeloid differentiation path from HSPCs over myeloid
progenitors (CMP CD55-, MDP, GMP, cMoP) towards differentiated myeloid cells
(monocytes, eosinophils, neutrophils) (Figure 3.8 a, b). Cell populations from other
blood lineages also lose DNA methylation in cluster 29, however, in these populations
the DNA methylation patterns remain stable after having passed commitment points
into other lineages (Figure 3.8 a, b). For example, terminally differentiated dendritic
cells show a moderate loss of DNA methylation in hDMRs of cluster 29. The DNA
methylation levels within these DMRs remain stable from MDPs onwards, while they
become further demethylated in terminally differentiated myeloid cells (Figure 3.8
a, b). These findings recapitulate the idea of an epigenetic landscape that was first
37
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Figure 3.8: DNA methylation changes are progressive and unidirectional during
hematopoietic differentiation. DNA methylation levels (z-score transformed beta-values) were
aggregated per methylation cluster and projected onto the diffusion map. hDMR-centric line plots
show average DNA methylation levels (beta-values) in hDMRs +/- 600 bp. The line plots were
generated by Stephen Kraemer. Together, these plots show DNA methylation pseudo-dynamics
for the myeloid cluster 29 (a, b), the lymphoid cluster 9 (c, d), and the HSPC cluster 6 (e, f).
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proposed by Conrad Hal Waddington [Waddington, 1957].
As another example, hDMRs of the lymphoid methylation cluster 9 show a pro-
gressive DNA demethylation during differentiation from HSCs to lymphoid cell pop-
ulations, while populations of other lineages reveal only a minor DNA methylation
loss at these genomic loci (Figure 3.8 c, d).
Lastly, hDMRs of the HSPC methylation cluster 6 show progressive and unidirec-
tional DNA methylation gain in all lineages, with the notable exception of erythroid
cells (Figure 3.8 e, f). This can either be explained by the global loss of methylation
during erythropoiesis or one might speculate that a subset of erythrocytes originate
directly from the HSCs via a shortcut as observed for megakaryocytes [Notta et al.,
2016, Rodriguez-Fraticelli et al., 2018, Haas et al., 2015, Yamamoto et al., 2013].
In conclusion, we could confirm that progressive and unidirectional DNA methylation
changes occur during the process of hematopoietic differentiation, reminiscent of
Waddington’s epigenetic landscape [Waddington, 1957]. DNA methylation pseudo-
dynamics allowed us to infer a model of hematopoiesis in form of a diffusion map,
which is solely based on DNA methylation changes.
3.4 Integration of DNA methylation profiles with
single-cell gene expression snapshots
DNA methylation changes have been shown to impact on the regulation of gene
expression. However, the correlation between DNA methylation and gene expres-
sion is rather weak at the global level [Bock et al., 2012, Cabezas-Wallscheid et al.,
2014, Lipka et al., 2014]. To further examine how the DNA methylation program-
ming impacts on the regulation of gene expression during murine hematopoiesis, we
generated a comprehensive multi-layer single-cell gene expression map of the murine
hematopoietic system (in collaboration with Dr. Mark Hartman, Jens Langstein,
and Katharina Bauer). To enrich rare cell populations, such as the HSPCs, we iso-
lated three cell layers, namely Lin- Sca1+ cKit+ (LSK) cells, Lin- Sca1-, cKit+ (LK)
cells, and CD45+ total bone marrow cells. Single-cell gene expression profiles were
generated using a droplet-based platform (Figure 3.9 a). Overall, 8,957 single cells
were captured, including 1,086 cells sorted from the LSK compartment, 3,497 cells
sorted from the LK compartment, and 4,374 total bone marrow cells.
39





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Data Processing Clustering of single cells and































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.9: Generation of a single-cell multi-layer gene expression map of the murine
hematopoietic system. a, Experimental workflow for the generation of a single-cell gene expres-
sion map of murine hematopoiesis. Three cell layers were sorted from the murine bone marrow,
namely the LSK (Lin- Sca1+ cKit+) compartment, LK (Lin- Sca1- cKit+) compartment, and total
bone marrow (CD45+). The isolated cell layers were subjected to scRNA-seq using a droplet-
based platform (10X Genomics; in collaboration with Dr. Mark Hartmann, Jens Langstein, and
Katharina Bauer). Data pre-processing, identification of single-cell clusters, and non-linear di-
mension reduction (UMAP) was performed using the R package ‘Seurat’ (data pre-processing was
performed by Abdelrahman Mahmoud). The clusters were annotated based on the expression
of known hematopoietic marker genes as well as the expression of surface marker genes, which
were used to isolate hematopoietic cell populations for DNA methylation profiling (cluster anno-
tation was done by Dr. Simon Hass, Dr. Mark Hartmann, and Jens Langstein). c+b, UMAP of
single-cell gene expression profiles with cell layer (b) and cluster annotation (c).
The R package ‘Seurat’ was used to identify 34 clusters of single-cell expression
snap-hots consisting of 39 to 575 single cells and to visualize the single cells in
a Uniform Manifold Approximation and Projection (UMAP) (data pre-processing
was performed by Abdelrahman Mahmoud) (Figure 3.9 b, c). As expected, the
annotation of the three bone marrow layers revealed a hierarchical order of LSK,
LK, and total bone marrow cells (Figure 3.9 b).
The single-cell transcriptome clusters were manually annotated based on the ex-
pression of known hematopoietic marker genes. If possible, clusters were annotated
by means of classical surface markers as defined earlier in the TWGBS experiments
(annotation of single-cell expression clusters was performed by Dr. Simon Haas,
Dr. Mark Hartman, and Jens Langstein). Nearly all sorted cell populations could
be matched to one or more single-cell expression clusters, with the exception of
CLPs, which were probably too few in number to build a discrete single-cell ex-
pression cluster (Figure 3.9 c). Consistent with previous publications, the resulting
single-cell expression UMAP suggests a continuous differentiation process during
hematopoiesis [Macaulay et al., 2016, Nestorowa et al., 2016, Velten et al., 2017].
In order to assess the correlation between DNA methylation changes and the regu-
lation of gene expression, we used the gene expression profiles of the 34 single-cell
gene expression clusters as marker gene sets for enrichment analyses based on a two-
sided Fisher’s exact test. Using this approach, we found a strong enrichment of cell
type-specific marker gene sets in corresponding cell type- and lineage-specific DNA
methylation programs (Figure 3.10 a, b). Briefly, the scRNA-seq marker gene sets of
myeloid progenitors and terminally differentiated cells were significantly overrepre-
sented in the myeloid DNA methylation programs 26 to 29. Similarly, the scRNA-seq
41
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a b
DNA Methyla�on Programs
(DMRs aggregated per cluster)
Enrichment Analysis
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Figure 3.10: Cell type-specific expression programs are overrepresented in corre-
sponding DNA methylation programs. Enrichment analysis of scRNA-seq marker gene sets
was performed using a two-sided Fisher’s exact test (in collaboration with Stephen Kraemer). a,
Heatmap showing aggregated scaled DNA methylation levels per DNA methylation cluster. b,
Heatmap showing the enrichment score of scRNA-seq gene sets per DNA methylation program.
The enrichment score was calculated by multiplying the product of the log10(p-value) by the sign
of the log odds ratio. Red indicates a significant enrichment (p <0.01) of marker gene sets, green
indicates significant depletion (p <0.01). Clustering of columns was performed with hierarchical
clustering using Ward’s method.
42
3 Results
marker gene set of T cells was highly enriched in the T lymphoid DNA methylation
program 9, while non-lymphoid scRNA-seq marker gene sets were underrepresented
in this methylation cluster. As expected, the pan-hematopoietic DNA methylation
cluster showed a significant enrichment for scRNA-seq marker gene sets of various
blood cell types, while the HSPC-specific DNA methylation cluster revealed an en-
richment of HSPC marker gene sets. Notably, the HSPC-specific DNA methylation
clusters were further enriched for scRNA-seq marker genes of MkPs (Figure 3.10
a, b), consistent with recent findings suggesting that HSCs are the major source of
megakaryocytes in steady-state hematopoiesis [Rodriguez-Fraticelli et al., 2018]. As
previously observed in the GREAT enrichment analysis of GO terms (Figure 3.6),
the erythroid DNA methylation cluster 2 and the megakaryocytic DNA methyla-
tion cluster 12, both lacked overrepresentation of any scRNA-seq marker gene set.
This emphasizes again the global loss of methylation during erythropoiesis. The
lack of enrichment for the megakaryocytic cluster 12 can be explained by the size of
megakaryocytes, which are probably too big to be captured in a droplet. Thus, we
have generated gene expression data of bulk sorted megakaryocytes that we will be
used to verify the megakaryocytic methylation cluster 12 (data not analyzed yet).
Of note, although this enrichment analysis was done based on hDMRs that overlap
with promoter regions, comparable enrichment patterns were obtained when we used
all hDMRs from each DNA methylation program (data not shown).
Given the remarkable overrepresentation of cell type-specific marker gene sets in
corresponding DNA methylation programs, we next investigated the correlation be-
tween DNA methylation pseudo-dynamics and gene expression. For this purpose, we
projected the aggregated promoter DNA methylation levels of the individual DNA
methylation programs onto the single-cell gene expression UMAP. Gene expression
values per cell were calculated as the mean of the normalized gene expression score
of all genes that show dynamic promoter methylation in a specific DNA methylation
cluster (Figure 3.11).
Consistent with our previous findings, all DNA methylation programs showed
progressive and unidirectional DNA methylation pseudo-dynamics. Loss of DNA
methylation at promoter regions was mostly associated with an increase of gene ex-
pression levels, while a gain of DNA methylation was commonly associated with a
decrease in gene expression levels (Figure 3.11). This anti-correlation is clearly il-
lustrated by DNA methylation and gene expression pseudo-dynamics in cluster 6,
43
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Figure 3.11: Projection of DNA methylation levels onto the single-cell RNA-seq




Figure 3.11: Projection of DNA methylation levels onto the single-cell RNA-seq
UMAP reveals a complex relationship between DNA methylation programming and
gene expression patterns. Aggregated z-score transformed DNA methylation values per DNA
methylation cluster were projected onto the single-cell gene expression UMAP. Gene expression
values were calculated as the mean of the scaled and normalized expression of all marker genes that
show variable DNA methylation at promoter regions in the individual DNA methylation clusters.
Shown are the UMAPs with the projection of promoter DNA methylation values and the UMAPs
with the averaged gene expression values for the HSPC cluster 6 (a), T lymphoid cluster 9 (b),
and myeloid cluster 29 (c).
showing low DNA methylation levels in HSPCs, erythroid and megakaryocytic cells
and conversely high gene expression levels in the same cell populations (Figure 3.11
a). Furthermore, cluster 9 reveals a progressive loss of DNA methylation during
hematopoietic differentiation, with the lowest DNA methylation levels observed in B
cells and T cells. This lymphoid-specific loss of DNA methylation is accompanied by
an upregulation of genes, whose expression is already detectable in lymphoid-primed
MPP4 cells (Figure 3.11 b). Interestingly, the early loss of DNA methylation at the
transition step from HSC to MPP1 might suggest that DNA methylation changes
precede changes in gene expression (Figure 3.11 b). However, a statement about the
temporal sequence of DNA methylation dynamics and gene expression changes re-
quires further evaluation using data on DNA methylation and gene expression coming
from the same single cell.
Importantly, DNA methylation changes did not always correlate with gene ex-
pression changes. Besides the clear lymphoid-specific loss of methylation, hDMRs of
cluster 9 became also slightly demethylated in erythroid cells, dendritic cells, mono-
cytes, and neutrophils; however, only dendritic cells and monocytes showed a clear
upregulation of the corresponding genes (Figure 3.11 b). These observations support
the view that DNA methylation patterns do not directly translate into transcrip-
tional patterns. Low or high levels of DNA methylation at gene regulatory elements
reflect a certain chromatin structure that either facilitates transcriptional activity
or not. Additional factors need to be recruited to lowly methylated gene regulatory
regions in order to activate gene expression programs.
While DNA methylation changes are invariably unidirectional, gene expression
patterns reveal more complex dynamics. As already demonstrated, the myeloid clus-
ter 29 shows a unidirectional loss of DNA methylation during the differentiation
process towards monocytes and neutrophils (Figure 3.8 a, b; Figure 3.11 c). This
loss of DNA methylation is associated with a gradual increase in gene expression
45
3.4 Integration of DNA methylation profiles with single-cell gene expression snapshots
during monocytic differentiation. However, the neutrophil differentiation trajectory
shows only a temporal upregulation of this expression program at the transition from
GMPs to neutrophils, while mature neutrophils again exhibit low expression levels
(Figure 3.11 c).
In order to validate the observed DNA methylation and gene expression dynamics at
the level of individual genes, we further analyzed the correlation of promoter DNA
methylation and gene expression of selected hematopoietic genes. Similar to the
DNA methylation programs, hDMRs in promoter regions of individual genes showed
progressive DNA methylation changes that mostly correlated with the transcript
level (Figure 3.12).
Meis1 codes for a transcription factor required for erythropoiesis, megakaryopoiesis,
and stem cell expansion. In line with this, the hDMR overlapping with the promoter
region of Meis1 revealed a progressive gain of DNA methylation in the myeloid,
dendritic, and lymphoid lineage, associated with silencing of Meis1 in these cell
populations (Figure 3.12 a).
Similarly, the promoter of Cd19 showed a strong demethylation in B cells, which
was accompanied by an upregulation of Cd19, a gene essential for B cell specification
(Figure 3.12 b).
We also identified a number of genes that lack the tight anti-correlation between
DNA methylation and gene expression. For instance, DNA methylation at the pro-
moter of Mpo, a gene important for myeloid differentiation, was associated with a
unidirectional demethylation in the myeloid lineage, with the lowest methylation lev-
els in monocytes and neutrophils. However, this loss of DNA methylation was only
accompanied by a temporal increase in Mpo expression in myeloid progenitor cell
populations (Figure 3.12 c), indicating that other epigenetic layers are involved in
the initiation of gene expression.
Altogether, the integration of DNAmethylation and gene expression dynamics during
hematopoietic differentiation uncovered two intriguing results: first, while gene ex-
pression can alternatingly change during hematopoietic differentiation, we could show
that DNA methylation programming is invariably unidirectional, indicating that
DNA methylation changes are irreversible under physiological conditions. Second,
the loss of DNA methylation is not inevitably accompanied by an increase of gene
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Figure 3.12: Projection of promoter DNA methylation of Meis1, Cd19, and Mpo onto
the single-cell RNA-seq UMAP.
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3.5 Lineage-specific DNA methylation programs overlap with cis-regulatory regions
Figure 3.12: Projection of promoter DNA methylation of Meis1, Cd19, and Mpo onto
the single-cell RNA-seq UMAP. Z-score transformed DNA methylation values of hDMRs
overlapping with promoters of selected genes were projected onto the single-cell gene expression
UMAP. Shown are the UMAPs with the projection of promoter DNA methylation levels on the
left and the UMAPs with the projection of gene expression values on the right for Meis1 (a), Cd19
(b), and Mpo (c).
lation and gene expression observed in previous studies [Bock et al., 2012, Cabezas-
Wallscheid et al., 2014, Lipka et al., 2014, Hodges et al., 2011]. Furthermore, this
finding suggests that DNA methylation changes are rather permissive than instruc-
tive for the regulation of gene expression and lineage specification.
3.5 Lineage-specific DNA methylation programs
overlap with cis-regulatory regions
Previous studies have demonstrated that DNA methylation changes associated with
early hematopoietic differentiation occur predominantly at cis-regulatory elements,
including distal transcription factor binding sites or enhancer regions [Cabezas-
Wallscheid et al., 2014, Lipka et al., 2014].
To further characterize the biological relevance of the individual DNA methylation
programs, we searched for overrepresented transcription factor binding motifs in the
individual DNA methylation clusters. We performed an enrichment analysis of 239
transcription factor binding motifs (in collaboration with Stephen Krämer), which
were downloaded from the HOMER webpage. Overall, we found 167 transcription
factor binding motifs that were significantly (p <1x10-20) enriched in at least one of
the 29 DNA methylation programs, including binding motifs of known hematopoietic
transcription factors (Figure 3.13) [Orkin and Zon, 2008, Lara-Astiaso et al., 2014].
Accordingly, binding motifs of transcription factors essential for erythroid and
megakaryocytic lineage specification, such as Meis1, Kfl4, and GATA-like proteins,
were strongly enriched in the erythroid cluster set, while binding motifs for tran-
scription factors essential for of other lineages (e.g. Cebp, Irf4, Ebf) were depleted.
The strong enrichment of binding motifs of multiple non-hematopoietic transcription
factors in the erythroid cluster 2 can again be explained by a broad unspecific loss of
DNA methylation during terminal erythropoiesis. Binding sites for key transcription
factors of T cell differentiation (E2A, Tcf12, Tcf3, Runx1) were enriched in the T
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Figure 3.13: Binding motifs of key hematopoietic transcription factors are differ-
entially enriched across DNA methylation programs. Enrichment analysis of HOMER
transcription factor binding motifs was performed using a Fisher’s exact test (in collaboration
with Stephen Kraemer). a, Heatmap (from Figure 3.10 a) showing the scaled DNA methylation
levels aggregated per DNA methylation cluster. b, Heatmap showing the enrichment scores of
the 100 most significantly enriched transcription factor binding motifs. The enrichment score was
calculated by multiplying the log10(p-value) by the sign of the log odds ratio. Red color indicates
significant enrichment (p <1x10-20) of a binding motif, whereas blue color indicates a significant
depletion (p <1x10-20). Clustering of columns was performed with hierarchical clustering using
Ward’s method and Euclidean distance.
49
3.5 Lineage-specific DNA methylation programs overlap with cis-regulatory regions
Pu.1) were depleted, indicating closing of myeloid transcription factor binding sites
in T cells. Furthermore, binding motifs of transcription factors required for B cell
maturation (E2A, Pax5, Ebf) were significantly overrepresented in the B lymphoid
cluster, while binding motifs other transcription factors were again depleted. Along
these lines, binding sites for transcription factors involved in dendritic cell speci-
fication (Pu.1, Irf4) were overrepresented in the dendritic cluster set. Strikingly,
the dendritic clusters 16 and 19, which show a specific loss of DNA methylation
in pDCs, were further enriched for binding motifs of lymphoid transcription factors
(Tcf12, E2A, Runx1). This observation corresponds with current research indicating
that pDCs may arise from an alternative differentiation path via a lymphoid progen-
itor population [Rodrigues et al., 2018]. Finally, the myeloid cluster set revealed an
enrichment of transcription factor binding sites of key myeloid transcription factors,
like Pu.1 and Cepb-like transcription factors. In agreement with previous enrich-
ment analyses, the megakaryocytic methylation cluster 12 lacked any motif enrich-
ment. Thus, it will be important to validate the integrity of the DNA methylome of
megakaryocytes using bulk RNA-seq data. Of interest, the HSPC cluster set showed
only a weak enrichment for binding motifs of transcription factors that are important
for stem cell maintenance (Erg, Meis1, Scl); however, binding motifs of transcrip-
tions factors involved in erythroid and megakaryocytic lineage priming (GATA-like
transcription factors, Fli1) were found to be enriched in HSPCs. This finding fur-
ther substantiates data demonstrating that the majority of phenotypic HSCs are
megakaryocyte-primed HSCs (Figure 3.13, Figure A.7) [Rodriguez-Fraticelli et al.,
2018, Haas et al., 2015, Yamamoto et al., 2013].
To study the impact of DNA methylation changes on the actual binding of tran-
scription factors, we downloaded chromatin immunoprecipitation sequencing (ChIP-
seq) data from the CODEX database. Enrichment analysis of ChIP-seq peaks was
performed using data from 215 experiments investigating the binding of 58 transcrip-
tion factors in primary hematopoietic cell populations (Figure A.8). Although the
ChIP-seq data was generated in diverse hematopoietic cell populations, the DNA
methylation programs showed lineage-specific enrichments of hematopoietic tran-
scription factor binding. For instance, the myeloid cluster set revealed an overrepre-
sentation of ChIP-seq peaks of the myeloid transcription factors PU.1, Cebpa, and
Cebpb, while B lymphoid transcription factors, such as Pax5, Ebf2, and Ebf3, were
enriched in the B lymphoid cluster. Additionally, transcription factors involved in
hematopoietic stem cell maintenance, such as Tal1, Lmo2, Erg, and Gata2, were
50
3 Results
highly enriched in the HSPC cluster set (Figure A.8).
Next, we investigated the correlation of the expression of hematopoietic transcrip-
tion factors and the DNA methylation status of hDMRs overlapping with transcrip-
tion factor binding sites. As expected, we found key hematopoietic transcription
factors differentially expressed in a lineage- and cell type-specific manner. However,
DNA methylation of transcription factor binding motifs did not always correlate with
the expression of the corresponding transcription factor, indicating again a permis-
sive role of DNA methylation in lineage specification.
For example, Gata1 expression and low DNA methylation at hDMRs overlap-
ping with Gata1 binding motifs coincide in erythrocyte- and megakaryocyte-primed
cells to instruct erythropoiesis and megakaryopoiesis (Figure 3.14 a). In contrast,
hDMRs overlapping with binding motifs of the key myeloid transcription factor Pu.1
are demethylated in the myeloid and erythroid lineages, however, Pu.1 is only signif-
icantly expressed in myeloid cells (Figure 3.14 b). Similarly, DMRs overlapping with
Pax5 binding motifs lose DNA methylation in all blood lineages during hematopoietic
differentiation, but only B cells express Pax5 (Figure 3.14 c). Genes encoding tran-
scription factors that are important for stem cell maintenance such as Hoxa9 are
expressed in the HSPC compartment and get continuously downregulated during
differentiation. However, HSCs neither show a loss of DNA methylation at bind-
ing motifs of transcription factors regulating stem cell maintenance, such as Hoxa9,
Tal1, or Erg, nor at binding motifs of lineage-specifying transcription factors, such as
Gata1, Pu.1, or Pax5 (Figure 3.14 d), suggesting that the low expression of lineage-
specifying transcription factors is critical for stem cell maintenance.
In summary, we found that the DNA methylation status of transcription factor
binding motifs is important for hematopoietic lineage specification. Our analysis
indicates that the co-occurrence of transcription factor expression and DNA methy-
lation loss at corresponding binding sites is essential for lineage specification.
Previous studies have demonstrated that de novo establishment of hematopoietic
enhancers is characteristic for hematopoietic differentiation. Lara-Astiaso et al.
performed a comprehensive analysis of chromatin marks to identify 48,415 murine
hematopoietic enhancers throughout the hematopoietic system, which were grouped
into nine clusters by k-means clustering. Based on the activity of the enhancer re-
gions in the different cell types investigated, they designated the nine clusters as
follows: I. Common, II. Myeloid + Progenitors, III. Lymphoid + Progenitors, IV.
51


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.14: Correlation of transcription factor expression and DNA methylation of
corresponding transcription factor binding motifs.
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3 Results
Figure 3.14: Correlation of transcription factor expression and DNA methylation
of corresponding transcription factor binding motifs. Depicted are UMAPs showing the
expression levels of selected transcription factors on the left and UMAPs with projected z-score
transformed DNA methylation values of hDMRs overlapping with corresponding transcription
factor binding motifs on the right. Expression values and DNA methylation of binding motifs are
depicted for Gata1 (a), Pu.1 (b), Pax5 (c), and Hoxa9 (d).
Erythroid + Progenitors, V. Progenitors, VI. Myeloid, VII. B cells, VIII. T/NK cells,
IX. Erythroid [Lara-Astiaso et al., 2014].
We recapitulated the k-means clustering and used the identified enhancer programs
to perform enrichment analysis (Figure A.9). Overall, we found a rather small overlap
(8.65%) of hDMRs and enhancer regions compared to the overlap with promoter
regions (18.58%) (Figure 3.15 a). This minor overlap can be explained by the low
quality of the enhancer detection in HSPCs and committed progenitor populations
using ChIP-seq and by a smaller panel of hematopoietic cell populations investigated
in this study [Lara-Astiaso et al., 2014].
In order to investigate whether lineage-specific enhancer programs are overrep-
resented in the DNA methylation programs, we performed an enrichment analysis
based on the Fisher’s exact test (in collaboration with Stephen Kraemer) (Figure
3.15).
Overall, we found varying enrichment of all enhancers in the individual DNA
methylation programs. While the T lymphoid cluster 9 showed a significant overlap
with enhancers, the dendritic cluster 14 was depleted for enhancer regions. The small
overlap with enhancer regions might explain why methylation cluster 14 lacks any
enrichment of lineage-specific enhancers.
Lineage-specific enhancer programs were enriched in corresponding DNA methyla-
tion programs. The B cell enhancer cluster (VII.), for instance, was highly enriched
in the B lymphoid DNA methylation cluster. Moreover, the myeloid enhancer pro-
grams (II. Myeloid + Progenitors and VI. Myeloid) were significantly overrepresented
in the myeloid DNA methylation cluster set (Figure 3.15 b, c).
Altogether, we could show that lineage-specific hDMRs overlap with enhancer
regions of lineage-specific enhancer programs. The data further indicates that DNA
methylation dynamics are involved in the de novo establishment of hematopoietic
enhancer regions during hematopoietic differentiation.
53
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Figure 3.15: Lineage-specific enhancer programs overlap with lineage-specific methy-
lation programs. a, Pie chart showing the percentage of hDMRs overlapping with hematopoietic
enhancer regions (red, ChIP-seq data from Lara-Astiaso et al.) and with annotated promoter re-
gions (blue). Grey indicates overlap of hDMRs with other genomic regions (Figure 3.3 b). b,
Heatmap (from Figure 3.10 a) showing the scaled DNA methylation levels aggregated per DNA
methylation cluster. c, Heatmap showing the enrichment scores of hematopoietic enhancer pro-
grams. Enrichment analysis was performed using the Fisher’s exact test (in collaboration with
Stephen Kraemer). Red indicates enrichment and blue indicates depletion of enhancer programs.
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3.6 Early DNA methylation changes allow the
segregation of terminal cell fates
With the intention to explore early hematopoietic lineage priming at the level of DNA
methylation, we further dissected the HSPC compartment analyzed by Cabezas-
Wallscheid et al. (HSC, MPP1, MPP2, MPP3/4) into six cell populations [Cabezas-
Wallscheid et al., 2014]: HSC, MPP1, MPP5, MPP2, MPP3, and MPP4 (Figure
3.1.b).
In accordance with the previous studies by Cabezas-Wallscheid et al. and Lipka
et al. [Cabezas-Wallscheid et al., 2014, Lipka et al., 2014], we observed early DNA
methylation dynamics within the HSPC compartment in several DNA methylation
clusters. For instance, the megakaryocyte- and erythrocyte-primed MPP2 popula-
tion revealed lower DNA methylation levels in hDMRs of cluster 6 as compared to
either the myeloid-primed MPP3 or the lymphoid-primed MPP4 populations. This
loss in DNA methylation became more evident in megakaryocyte and erythrocyte
progenitor cell populations (Figure 3.16 a). Similarly, lymphoid-primed MPP4 cells
showed higher DNA methylation levels in cluster 25 as compared to the MPP2 and
MPP3 populations. The high DNA methylation values in cluster 25 are likely to
reflect the lymphoid priming of MPP4 cells, as all other hematopoietic cell types,
except for those of the lymphocytic lineage, show lower DNA methylation levels in
these regions (Figure 3.16 b). Incidentally, cluster 25 is probably responsible for the
repression of myeloid genes in lymphoid cell populations.
Given the differential DNA methylation patterns in the HSPC compartment, we
assessed whether DNA methylation signatures of differentiated cell types were al-
ready present in populations of the HSPC compartment. To this end, we performed
a non-negative matrix factorization (NMF), a matrix decomposition method to re-
duce the complexity of a matrix. The factorization rank (n = 6) was determined
empirically. The factorization rank represents six methylation signatures, which
we designated as: ‘Stem cells’, ‘Mega/Ery’, ‘Myeloid’, ‘Dendritic’, ‘B lymphoid’,
and ‘T lymphoid’. The resulting exposure matrix confirmed that lineage-specific
DNA methylation signatures are differentially exposed across the individual MPP
subpopulations. For instance, the megakaryocytic and erythroid populations are
highly exposed to the Mega/Ery signature. Strikingly, within the HSPC compart-
ment this lineage signature shows the strongest exposure in the megakaryocyte- and
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Figure 3.16: Lineage-specific DNA methylation changes are detectable within the
primitive hematopoietic stem and progenitor cell compartment. a, b, Line plots depict-
ing the absolute change in DNA methylation levels as compared to HSCs (delta methylation) for
the HSPC cluster 6 (a) and for the pan-hematopoietic cluster 25 (b). Arrows indicate early lineage
priming in MPP2 and MPP4, respectively. c, NMF reveals lineage-specific signatures with differ-
ential exposures in the primitive HSPC compartment. NMF was performed with the ‘Bratwurst’
Bioconductor package with a factorization rank of 6. d, DMRs were identified by pairwise compar-
ison of HSCs and the different MPP populations 1-5 (DMR calling was done by Stephen Kraemer).
Bar plot illustrating the number of DMRs for the different pairwise comparisons. The pie charts
illustrate the gain (red) or loss (blue) of DNA methylation. In total, 7,423 unique DMRs (’early
hematopoietic DMRs’; ehDMRs) were identified. e, Diffusion map based on DNA methylation
pseudo-dynamics in ehDMRs. Depicted are DC2 versus DC3. The dot size represents DC1. Lines
illustrate presumed differentiation trajectories.
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erythrocyte-primed MPP2 population (Figure 3.16 c), indicating early commitment
decisions in the HSPC compartment.
In order to investigate the concept of early epigenetic priming further, we focused
our analysis on only those hDMRs, which were identified within the HSPC com-
partment (n = 7,423 DMRs). We designated these DMRs as ‘early hematopoietic
DMRs’ (ehDMRs). The majority of these ehDMRs were associated with a loss of
DNA methylation compared to HSCs (Figure 3.16 d). Remarkably, the DNA methy-
lation dynamics detected in ehDMRs were sufficient to separate terminal cell fate
decision in a diffusion map and a classical phylogenetic tree (Figure 3.16 e; Figure
A.10). Notably, the diffusion map revealed differentiation biases towards different
hematopoietic lineages across the different MPP populations: MPP2 shows a bias
towards megakaryocytic and erythroid progenitors, MPP3 is biased towards myeloid
and dendritic populations and, lastly, MPP4 shows a lineage bias towards the lym-
phoid populations (Figure 3.16 e).
Collectively, lineage-specific DMRs were identified within the primitive HSPC cell
compartment, supporting the concept of early lineage restriction and providing a
potential molecular basis for lineage priming.
3.7 The DNA methylome of aged HSCs is primed
towards the megakaryocytic lineage
Our DNA methylation map of murine hematopoiesis provides a rich resource to
study DNA methylation programming across a broad range of conditions, such as
leukemic transformation, inflammatory challenge, or aging. As a proof-of-concept, we
applied our DNA methylation map of normal hematopoiesis to the exploration of the
phenomenon of myeloid- and platelet-biased differentiation that has been described
in aged HSCs [Dykstra et al., 2011, Sudo et al., 2000, Grover et al., 2016].
We analyzed the hematologic parameters of ten aged mice (>2 years old), five
of which were used as donors for DNA methylation profiling of aged HSCs. Aged
mice with clear macroscopic abnormalities, such as splenomegaly (>200 mg), strong
leukopenia, or infections, were considered as diseased mice and were neither included
in the phenotypic analysis nor were they used for DNA methylation profiling of aged
HSCs. The hematological parameters of aged HSCs showed high variability, indicat-
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Figure 3.17: Hematopoietic aging is characterized by an increased HSC pool and
a differentiation bias towards the myeloid and megakaryocytic lineage. a, Absolute
number of HSCs per femur in young and aged mice (mean ± standard deviation [SD]). Individual
mice are represented as dots. b, Representative FACS plots of the HSPC compartment of young
and aged mice. c, Peripheral blood cell analysis of young and aged mice showing the percentage
of myeloid (Gr1+, Mac1+), B cells (B220+), and T cells (CD4+, CD8a+). Mean ± SD are shown
for young (n = 4) and aged (n = 7) mice. d, Platelet counts in peripheral blood of young and
aged mice (mean ± SD). Individual mice are represented as dots. *** = p >0.005, ** = p >0.01,
* = p >0.05, unpaired t-test with Welch’s correction.
ing that aging in general is associated with heterogeneous phenotypes (Table A.2).
Consistent with previous studies, our aging cohort showed a 5- to 32-fold expansion
of immunophenotypically defined HSCs as compared to young mice (Figure 3.17 a,
b). Furthermore, aged mice exhibited a myeloid differentiation bias, which was ac-
companied by an increase of myeloid cells and a decrease of lymphoid cells in the
peripheral blood (Figure 3.17 c). The myeloid differentiation bias was already evident
in the hematopoietic progenitor populations, as shown by an expansion of both the
myeloid-primed MPP3 population and GMPs (data not shown). In addition to the
myeloid bias, the majority of aged mice revealed an increased number of platelets in
the peripheral blood, indicating a bias towards megakaryocytic differentiation with
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increasing age (Figure 3.17 d). In summary, the analyzed aging cohort recapitulates
known phenotypes associated with aging of the murine hematopoietic system.
In order to investigate the remodeling of the DNA methylome in aged HSCs, TWGBS
of HSCs isolated from both young and aged mice was performed. Given the fact
that phenotypically defined HSCs increase with age, we were able to generate DNA
methylomes of aged HSCs isolated from individual two-year-old mice (Figure 3.18
a). The global CpG coverage of aged HSCs was in the range of the young HSC
pools (young HSCs: 8.5x - 14.7x; aged HSCs: 4.8x - 19.8x; Table A.2). Furthermore,
the mean methylation levels were nearly identical in young and aged HSCs (young:
82.2%; aged: 82.7%). In contrast to previous studies, neither a significant increase
of global methylation levels with aging [Sun et al., 2014, Beerman et al., 2013] nor a
decrease [Taiwo et al., 2013] of global methylation levels was observed in our samples
(Figure 3.18 a).
In total, 3,275 aging-related DMRs (aDMRs) were identified by the pairwise com-
parison of young and aged HSCs, of which 2,708 lose and 567 gain DNA methy-
lation during the process of aging (Figure 3.18 c). Using the GREAT annotation
and enrichment tool, we found hypomethylated aDMRs to be enriched for GO Bio-
logical Process terms associated with leukocyte activation, apoptotic signaling, im-
mune response, and myeloid differentiation (Figure 3.18 d). Furthermore, the hy-
pomethylated DMRs were enriched for GO Molecular Function terms associated
with small GTPase activity and integrin binding (Figure 3.18 e), both of which are
important functions for HSC adhesion and migration as well as for the activation
of platelets [Wagers et al., 2002, Cancelas and Williams, 2009, Huveneers and Da-
nen, 2009]. Indeed, aging-specific DNA methylation loss affected genes involved in
megakaryopoiesis, such as Vwf, Itgb3, and Selp, and small GTPases, such as RohJ
(Figure 3.18 f). Interestingly, promoter regions of classical myeloid genes showed sim-
ilar DNA methylation levels in young and aged mice, including Spi1, Cepba, Mpo,
and Csf1r (data not shown). Loss of DNA methylation was further observed at
the promoter region of the hematopoietic stem cell marker Slamf1 (Figure 3.18 f),
consistent with previous studies showing an upregulation of Slamf1 (CD150) surface
marker expression in aged HSCs [Beerman et al., 2010]. Hypermethylated aDMRs
were enriched for GO terms associated with developmental processes, such as gas-
trulation and embryonic organ morphogenesis (data not shown).
Altogether, this data suggests that HSC aging results in remodeling of the DNA
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Figure 3.18: Epigenome remodeling of aged HSCs involves DNA methylation loss at
megakaryocytic marker genes. TWGBS was performed to generate DNA methylation profiles
of young and aged HSCs. a, Experimental workflow demonstrating the sample pooling strategy
for DNA methylation profiling of young (8-12 weeks) and aged (>2 years) HSCs. b, Violin plot
show the median CpG methylation levels of 1x106 randomly sampled CpG sites. c, DMRs were
identified by comparing young and aged HSCs. In total, 3,275 aging-related DMRs (aDMRs) were
identified, of which 2,708 were associated with a loss and 567 with a gain of DNA methylation.
Heatmap showing aDMRs clustered with Ward’s hierarchical agglomerative clustering method
using z-score transformed beta-values. Annotation of hypo- (blue) and hyper- (red) methylated
aDMRs are shown on the right. d, e, GO enrichment analysis of hypomethylated aDMRs was
performed using GREAT. Bar plot showing the enrichment for the ten most significantly enriched
GO Biological Process terms (d) and the five most significantly enriched GO Molecular Function
terms (e). Displayed are -log10(binominal p-values) for GO terms with a binominal fold enrichment
>2. f, Genome browser track snapshots depicting DNA methylation levels at TSS of Selp, Vwf,
Itgb3, RohJ, and Slamf1. For aged HSCs, each replicate is shown in a separate track, while merged
replicates are depicted for young HSC and MPP populations.
methylome, which is characterized by a molecular differentiation bias towards the
megakaryocytic lineage.
To further assess the molecular priming of aged HSCs towards the megakaryocytic
lineage, we investigated the DNA methylation profiles of aged HSCs in the context
of our DNA methylation map of murine hematopoiesis. Notably, 46% of aDMRs
(1,502 aDMRs) overlapped with the DNA methylation programs identified in normal
hematopoietic differentiation (Figure 3.19 a). The overlapping aDMRs were found
to be enriched for MSigDB pathways associated with integrin signaling, platelet
activation, and platelet aggregation (Figure 3.19 b). Along these lines, HOMER
motif enrichment analysis revealed an overrepresentation of Gata-like binding mo-
tifs, consistent with Gata1 acting as a key transcription factor for megakaryocyte
differentiation (Figure 3.19 c). PCA based on DNA methylation levels in hDMRs
demonstrated that aged HSCs are closely related to young HSCs. However, it is
worth to mention that aged HSCs show a trend towards the megakaryocytic and
erythroid progenitor populations on PC2 (Figure 3.19 d).
To identify the lineage-specific DNA methylation programs that are predominantly
affected by aging-associated DNA methylome remodeling, we calculated the overlap
of hypomethylated aDMRs with the 29 DNA methylation differentiation programs.
We focused the analysis on hypomethylated aDMRs, since aging was mainly associ-
ated with loss of DNA methylation. Methylation programs 6, 7, and 25 overlapped
significantly with hypomethylated aDMRs (5.5%, 4.6%, and 2.9%) as compared to
other clusters (mean overlap of all clusters: 1.1%) (Figure 3.20 a-c). Strikingly,
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Figure 3.19: Age-related DNA methylation changes overlap with hematopoiesis
DMRs and recapitulate features of megakaryocyte differentiation. a, Venn diagram
illustrating the overlap of hDMRs and aDMRs. b, MSigDB pathway enrichment analysis of
overlapping DMRs was performed using the GREAT annotation and enrichment tool. Bar plot
showing the enrichments for the five most significantly enriched GO Molecular Function terms.
Displayed are -log10(binominal p-values) for GO terms with a binominal fold enrichment >2.
c, Transcription factor motif enrichment analysis of overlapping DMRs was performed using
HOMER. Shown are the transcription factor motifs and the corresponding p-values. d, PCA
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(p = 1.3 x 10-4)
5.5 % overlap
(p = 4.4 x 10-26)
5.6 % overlap
(p = 3.2 x 10-42)
Figure 3.20: Age-related loss of DNA methylation overlaps with hematopoietic DMRs
that are characteristic for megakaryocytic differentiation. a-c, Venn diagram illustrating
the overlap of aDMRs and hDMRs of DNA methylation cluster 25 (a), cluster 7 (b), and cluster
6 (c). p-values were calculated using a one-sided Fisher’s exact test. d, Heatmap showing the
z-score transformed beta-values in the twenty-nine DNA methylation programs. Annotation of
clusters and cluster sets are shown on the left. Annotation of the analyzed cell populations is
shown at the bottom.
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these DNA methylation programs are characterized by low DNA methylation levels
in HSCs, megakaryocytic progenitors, or myeloid populations (Figure 3.20 d).
Collectively, HSC aging causes locus-specific DNA methylation changes that are
associated with megakaryocyte-lineage priming. Our DNA methylation data support
previous publications suggesting an expansion of megakaryocyte-primed HSCs with
age [Grover et al., 2016, Yamamoto et al., 2018, Rundberg Nilsson et al., 2016, Gekas
and Graf, 2013].
3.8 The DNA methylome mediates cellular memory
of chronic inflammatory stress
During their entire lifespan, organisms are repeatedly exposed to inflammatory stress
that drives HSCs out of dormancy and into active cell cycle in order to compensate
the loss of mature blood cells. However, experimental mice are housed under re-
stricted pathogen-free conditions, which keep the majority of murine HSCs in a
long-term quiescent state. The lack of inflammatory stress might be a simple reason
why murine laboratory models fail to recapitulate key features of human hematopoi-
etic aging, such as blood cytopenias and bone marrow hypoplasia. Bogeska et al.
demonstrated that chronic treatment with the pro-inflammatory agonist pI:pC in
early- to mid-life causes a decline of HSC potency and recapitulates clinically rele-
vant features of aged human hematopoiesis in experimental mice (unpublished data
from the Milsom group). We hypothesize that inflammatory treatment induces HSC
cycling and accelerates epigenetic remodeling, which drives the development of age-
related phenotypes.
With the intention to test this hypothesis and to identify stress-induced changes
in the HSC methylome, we treated laboratory mice with three rounds of pI:pC- or
PBS-injections. Four weeks after the last pI:pC-injection, HSCs were sorted and
subjected to TWGBS (Figure 3.21 a). Pairwise DMR calling of pI:pC- versus PBS-
treated HSCs identified 468 inflammation-associated DMRs (iDMRs), of which 202
lose and 266 gain DNA methylation upon inflammatory exposure (Figure 3.21 b).
GREAT analysis demonstrated that hypomethylated iDMRs were enriched for genes
associated with immune response processes and interferon signaling, confirming that
pI:pC-treatment indeed reprograms the DNA methylome of HSCs in order to induce
64
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pI:pC or PBS Tx on d1, 3, 8, 10, 15, 17, 22 & 24
Followed by a 4 weeks recovery period
8 - 12 weeks
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Figure 3.21: Chronic inflammatory stress remodels the DNA methylome of HSCs. a,
Schematic of pI:pC-treatment to investigate remodeling of the DNA methylome as a consequence
of inflammatory stress. b, DMRs were called by pairwise comparison of pI:pC- and PBS-treated
HSCs. In total, 468 inflammation-related DMRs (iDMRs) were identified, of which 202 were
associated with a loss and 266 with a gain of DNA methylation. Heatmap showing iDMRs clustered
with Ward’s hierarchical agglomerative clustering method using z-score transformed beta-values.
Annotation of hypo- (blue) and hyper- (red) methylated iDMRs is shown on the right. c, d,
GREAT analysis of hypomethylated iDMRs. Bar plot showing the enrichment for the five most
significantly enriched GO Biological Process terms (c) and MSigDB pathways (d). Displayed are
-log10(binominal p-values) for GO terms with a binominal fold enrichment >2. e, Transcription
factor motif enrichment analysis of hypomethylated iDMRs was performed using HOMER. Shown
are the transcription factor motifs and the p-values.
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an anti-inflammatory response (Figure 3.21 c, d). Furthermore, motif enrichment
analysis revealed an overrepresentation of transcription factor binding motifs, which
are involved in regulatory networks of inflammation, such as interferon response fac-
tors (IRFs) (Figure 3.21 e). In contrast, hypermethylated iDMRs were enriched for
genes associated with developmental processes, such as blood vessel development
(data not shown).
In order to assess whether the exposure to inflammatory stress accelerates epigenetic
aging of the hematopoietic system in laboratory mice, we next analyzed the DNA
methylome of pI:pC-treated HSCs in the context of aDMRs. PCA based on aDMRs
suggests that chronic inflammatory stress does not accelerate hematopoietic aging.
PC1 (72.5%) reflected hematopoietic aging and ordered the analyzed HSC samples
according to the age of their donor mice. Importantly, PC1 did not separate PBS-
treated HSCs from pI:pC-treated HSCs. PC2 (9.1%) separated pI:pC-treated HSCs
from all other HSC samples, indicating that DNA methylation changes caused by in-
flammatory stress are distinct from those occurring during chronological hematopoi-
etic aging (Figure 3.22 a). Hierarchical clustering of aDMRs identified four DNA
methylation clusters that reveal continuous DNA methylation changes from young
(8-12 weeks) to mid-aged (8 months) and finally to aged HSCs (2 years) (Figure
3.22 b). Remarkably, DNA methylation reprogramming in cluster 1 and 2 seemed
to be more advanced towards the DNA methylome of aged HSCs in pI:pC-treated
HSCs compared to PBS-treated HSCs (Figure 3.22 b). This observation shows that
a subset of aDMRs is affected by inflammatory stress, which might be responsible
for an accelerated aging phenotype in mice exposed to chronic inflammatory stress.
Indeed, enrichment analysis demonstrated that aDMRs of cluster 2 are enriched for
biological processes involved in inflammatory signaling and immune response (Figure
3.22 d, c), while aDMRs with a gain of DNA methylation (cluster1) were associated
with developmental processes. aDMRs that show only a significant loss of DNA
methylation in aged HSCs (cluster 3 and 4) were again associated with leukocyte
activation, platelet activation, and small GTPases (data not shown).
Finally, we analyzed the inflammation-induced DNA methylation changes in the con-
text of normal hematopoietic differentiation. Overall, 61% of iDMRs overlapped with
hDMRs. Hypomethylated iDMRs significantly overlapped with hDMRs of the pan-
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Figure 3.22: A subset of aging-related remodeling events is accelerated upon chronic
inflammatory challenge in the HSC epigenome. a, PCA based on DNA methylation lev-
els aDMRs. Each dot represents a biological replicate. b, Heatmap showing aDMRs clustered
with Ward’s hierarchical agglomerative clustering method using z-score transformed beta-values.
Annotation of DNA methylation clusters is shown on the left. c, d, GREAT analysis of aDMRs
of DNA methylation cluster 2. Bar plot showing the enrichment for the five most significantly
enriched GO Biological Process terms (c) and MSigDB pathways (d).
(data not shown), which are associated with a loss of DNA methylation in myeloid
cell populations, indicating the activation of innate immunity by inflammatory chal-
lenge. In contrast, hypermethylated iDMRs significantly overlapped with hDMRs of
the HSPC clusters 6 (p = 1.3x10-5), 7 (p = 3.1 x10-308), and 8 (p = 1.0x10-20) (data
not shown).
We further analyzed the inflammation-induced DNA methylation changes in the
context of early hematopoiesis. Hierarchical clustering of DNA methylation levels
in ehDMRs identified 5 methylation clusters, of which cluster 1 and 3 revealed dif-
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Figure 3.23: pI:pC-treated HSCs acquire DNA methylation patterns of multipotent
progenitors. a, Heatmap showing ‘early hematopoietic DMRs’ (ehDMRs) clustered with Ward’s
hierarchical agglomerative clustering method using z-score transformed beta-values. Annotation
of methylation clusters is shown on the left. b, d, GREAT enrichment analysis of ehDMR clusters
1 and 3. Bar plot showing the enrichment for the five most significantly enriched GO Biolog-
ical Process terms for methylation cluster 1 (b) and methylation cluster 3 (c). Displayed are
-log10(binominal p-values) for GO terms with a binominal fold enrichment >2.
ferential DNA methylation patterns between pI:pC- and PBS-treated HSCs (Figure
3.23 a). Notably, the methylome of pI:pC-treated HSCs resembles the methylomes
of MPP populations in cluster 1 and 3. EhDMRs that gain methylation (cluster
1) in pI:pC-treated HSCs compared to PBS-treated HSCs were associated with the
regulation of cell cycle, consistent with the exit out of stem cell dormancy (Figure
3.23 b), while ehDMRs that lose DNA methylation (cluster 3) were enriched for GO
terms associated with immune system processes (Figure 3.23 c).
In summary, DNA remodeling events were detectable in the DNA methylome of
HSCs serially exposed to inflammatory stress even four weeks after the last pI:pC-
injection, indicating that extrinsic inflammatory stimuli leave an epigenetic memory
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in the DNA methylome of HSCs. Moreover, inflammatory challenge accelerated a
subset of aging-related DNA methylation reprogramming events. This finding sug-
gests that aging of the DNA methylome is a function of multiple factors, including
inflammatory stimuli over a lifetime. This might explain why HSCs lose function-
ality as a consequence of inflammation-induced gene expression programs that pro-
gressively and irreversibly overwrite the native DNA methylome present in quiescent
HSCs. Inflammatory challenge further affected DNA methylation patterns involved






4.1 Mapping global DNA methylation dynamics
during hematopoietic differentiation
Hematopoietic differentiation is a dynamic process, which involves widespread but
tightly regulated remodeling of the epigenome [Farlik et al., 2016, Corces et al.,
2016, Buenrostro et al., 2018, Bock et al., 2012, Cabezas-Wallscheid et al., 2014,
Lipka et al., 2014, Lara-Astiaso et al., 2014, Ji et al., 2010, Hodges et al., 2011,
Javierre et al., 2016]. Dysregulation of the epigenetic machinery causes abnormal
hematopoiesis as exemplified by Dnmt1-hypomorphic HSCs, which show an impaired
lymphoid differentiation potential [Broske et al., 2009]. Despite extensive investiga-
tions of transcriptional [Velten et al., 2017, Giladi et al., 2018] and epigenetic dy-
namics during hematopoietic differentiation [Lara-Astiaso et al., 2014, Corces et al.,
2016, Buenrostro et al., 2018, Farlik et al., 2016, Bock et al., 2012, Javierre et al.,
2016], it is still unclear how lineage commitment is regulated at the molecular level.
The DNA methylation map of murine hematopoiesis, which was established as
part of this doctoral thesis, complements molecular maps of murine and human
hematopoiesis, which are based on gene expression dynamics [Giladi et al., 2018, Vel-
ten et al., 2017, de Graaf et al., 2016], chromatin accessibility profiles [Corces et al.,
2016, Buenrostro et al., 2018], histone modifications [Lara-Astiaso et al., 2014], and
promoter-enhancer interactions [Javierre et al., 2016]. Future research integrating
different molecular layers will enhance our knowledge of lineage commitment and
might change the current view of the hematopoietic system.
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4.1.1 The DNA methylation map of murine hematopoiesis in
the context of published data sets
With the intention of increasing our knowledge of DNA methylation dynamics and
its role in lineage commitment, we leveraged tagmentation-based whole genome
bisulfite sequencing (TWGBS) to establish a genome-wide DNA methylation map
of the entire murine hematopoietic system, encompassing DNA methylomes of 26
immunophenotypically-defined hematopoietic cell populations. To our knowledge,
this is the first complete DNA methylome map covering cell populations from all
hematopoietic lineages (myeloid, dendritic, erythroid, megakaryocytic, and lym-
phoid). Previous DNA methylation studies of murine and human hematopoiesis
covered only fractions of the DNA methylome map and were mainly focused on
the identification of DNA methylation patterns separating myeloid from lymphoid
cell populations [Farlik et al., 2016, Bock et al., 2012, Ji et al., 2010]. Notably,
we further dissected the DNA methylomes of hematopoietic stem and progenitor
cells [Cabezas-Wallscheid et al., 2014, Lipka et al., 2014] in order to investigate the
epigenetic patterns underlying early lineage decisions [Velten et al., 2017, Notta et al.,
2016, Pietras et al., 2015, Perie et al., 2015, Paul et al., 2015, Rodriguez-Fraticelli
et al., 2018].
Whole genome DNA methylation profiling is still a cost-intensive technique and
commercial kits for low-input genome-wide DNA methylation analysis are not avail-
able. Furthermore, the interpretation of genome-wide DNA methylation data needs
advanced and sophisticated bioinformatical skills. This explains why so far only
a limited number of genome-wide DNA methylome datasets of hematopoietic cell
populations exists.
The previously published DNA methylation map of murine hematopoiesis compris-
ing 13 hematopoietic cell populations was generated using RRBS [Bock et al., 2012],
a DNA methylation profiling method that covers only 8% to 10% of all CpGs with a
bias towards CpG-rich regions [Lipka et al., 2014]. More importantly, by comparing
TWGBS and RRBS data, Cabezas-Wallscheidt et al. could demonstrate that 85% of
DMRs are exclusively identified by TWGBS [Cabezas-Wallscheid et al., 2014], em-
phasizing the additional information provided by TWGBS-based DNA methylome
profiling. Farlik et al. applied µWBGS to generate a genome-wide DNA methylation
map of human hematopoiesis comprising 17 cell populations. However, the coverage
of this DNA methylation map is much lower compared to our TWGBS-based DNA
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methylomes [Farlik et al., 2016].
Overall, we generated highly reproducible biological replicates that were merged
to achieve a genome-wide coverage ranging from 12x to 81x per hematopoietic cell
population. This is, to our knowledge, the highest coverage of hematopoietic methy-
lomes published so far, enabling the investigation of DNA methylation patterns at
the single-molecule level, so-called epialleles [Landan et al., 2012]. Epialleles pro-
vide a measure of epigenetic heterogeneity that can be used to identify previously
undetected subpopulations and probably to map hematopoietic commitment points.
In accordance with previous DNA methylation studies of the hematopoietic sys-
tem [Farlik et al., 2016, Bock et al., 2012], DNA methylomes of hematopoietic cell
populations accurately reflect their differentiation stage and lineage choice. By pair-
wise comparison of HSCs with all downstream hematopoietic cell populations, we
identified 147,232 unique ‘hematopoietic DMRs’ (hDMRs). Overall, we found that
murine hematopoietic differentiation is predominantly associated with a loss of DNA
methylation, as previously observed in human hematopoiesis [Farlik et al., 2016], sug-
gesting that stem cell maintenance is mainly regulated by the suppression of genes
involved in hematopoietic differentiation.
4.1.2 Massive loss of DNA methylation during erythropoiesis
Concurrent with data published by Shearstone et al. [Shearstone et al., 2011], we
observed a massive DNA methylation loss during erythroid differentiation. Inter-
estingly, enrichment analysis demonstrated that the majority of the demethylation
events are located near genes that are not involved in erythroid maturation. Along
these lines, Bartholdy et al. found that DNA demethylation in erythroid cells oc-
curred primarily in intergenic regions and inactive gene bodies forming large partially
methylated domains [Bartholdy et al., 2018]. The function of global demethylation
during erythropoiesis is still unclear. Based on current data, one may speculate that
the global loss of DNA methylation facilitates the rapid proliferation during ery-
throid differentiation, which is not sustainable with concurrent maintenance of DNA
methylation. Moreover, it is conceivable that regulated DNA methylation patterns
are secondary owing to the enucleation in terminally differentiated erythrocytes.
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4.1.3 Locus-specific DNA hypermethylation is characteristic
for lymphoid differentiation
Populations of the lymphoid branch revealed a higher number of hDMRs associated
with a gain of DNA methylation as compared to all other blood lineages, a phe-
nomenon that has already been observed by other groups [Farlik et al., 2016, Bock
et al., 2012, Ji et al., 2010, Tejedor et al., 2018, Rodriguez-Fraticelli et al., 2018].
Dnmt1-hypomorphic mice have been shown to exhibit reduced DNA methylation
maintenance, causing myeloid-biased hematopoiesis with impaired lymphoid out-
put [Broske et al., 2009]. Indeed, HSPCs isolated from Dnmt1-hypomorphic mice
showed a global loss of DNA methylation compared to wild-type mice (unpublished
data by the Lipka group, generated by Sina Stäble). Hence, the loss of lymphoid-
specific hypermethylation events in HSPCs might explain why Dnmt1-hypomorphic
mice have an impaired lymphoid output [Broske et al., 2009]. Our data support the
hypothesis that locus-specific DNA methylation is essential for lymphoid differenti-
ation and protects HSCs from differentiating into the myeloid or erythroid lineages.
4.1.4 DNA methylation dynamics complement single-cell RNA
sequencing data
Single-cell RNA-seq (scRNA-seq) studies have revised the classical hierarchical model
of the hematopoietic system, suggesting that hematopoiesis is a continuous rather
than a step-wise differentiation process. Furthermore, these studies support the con-
cept of early lineage restriction and indicate that the HSPC compartment is com-
posed of multiple unipotent progenitor cells as opposed to the classical view, which
assumed multipotency of HSPCs [Velten et al., 2017, Giladi et al., 2018, Nestorowa
et al., 2016, Macaulay et al., 2016]. Despite the single-cell resolution of gene expres-
sion data, bulk DNA methylation profiling provides additional molecular information
that complements single-cell transcriptome data, as described below.
First, expression data lack any direct information about cis-regulatory elements,
such as enhancer regions. Accordingly, genome-wide profiling of chromatin accessibil-
ity demonstrated that distal regulatory elements more precisely define the identity of
hematopoietic cell populations as opposed to gene expression profiles [Corces et al.,
2016]. Indeed, many hDMRs are located outside of promoter regions and overlap
with cis-regulatory features that provide additional information about the cell iden-
74
4 Discussion
tity [Cabezas-Wallscheid et al., 2014, Lara-Astiaso et al., 2014].
Second, gene expression profiles represent a snapshot of commitment decisions that
have already been taken and lack any information about when exactly a cell became
committed to a particular cell state. In view of its progressive and unidirectional
nature, DNA methylation features a molecular barcode (‘epigenetic memory’) that
can be used to map definitive points of hematopoietic commitment. Given that DNA
methylation at CpG sites is a binary process (methylated or unmethylated) [Stricker
et al., 2017], such epigentic commitment points could still be compatible with step-
wise hematopoietic differentiation. Vice versa, one might even speculate that DNA
methylation patterns can be used to forecast cell type-specific transcriptional pro-
grams and thus the ultimate lineage fate of a differentiating cell.
4.2 DNA methylation programs reflect
hematopoietic lineage decisions
In order to identify lineage-specific DNA methylation programs, we performed hi-
erarchical clustering of the 147,232 hDMRs. Using z-score transformed beta-values,
we detected twenty-nine DNA methylation clusters, each comprised of hDMRs with
similar DNA methylation dynamics throughout the hematopoietic system.
The DNA methylation status of known hematopoietic marker genes, such as Klf1,
Mpo, Irf8, and Cd19, verified the biological relevance of the identified DNA methy-
lation programs, which were further validated by enrichment analyses of GO terms,
transcription factor binding motifs, scRNA-seq marker genes, and hematopoietic en-
hancer programs. Using these tools, the biological relevance of all DNA methylation
clusters, except for the erythroid cluster 2 and the megakaryocyte cluster 12, could
be confirmed.
The lack of enrichment for the erythroid cluster 2 can be explained by the global
and rather unspecific loss of DNAmethylation during erythropoiesis. It is conceivable
that a global DNA methylation loss also occurs during megakaryopoiesis. However,
the lack of enrichment for the megakaryocyte cluster 12 might question the integrity
of the megakaryocyte DNA methylome. If we assume that the sorted cells were
indeed megakaryocytes, their DNA methylation profiles are fundamentally different
from the profiles of other megakaryocyte progenitors (CD55+ CMP, preMegE, MkP),
a phenomenon that has been previously observed by gene expression profiling [Yang
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et al., 2017]. Considering this observation, one might speculate that the isolated
megakaryocyte population originates directly from HSCs via a shortcut bypassing
megakaryocyte progenitors [Notta et al., 2016, Yamamoto et al., 2013, Rodriguez-
Fraticelli et al., 2018, Haas et al., 2015]. This possibility could be tested by in
situ lineage tracing and subsequent analysis of all megakaryocytic cell populations
[Rodriguez-Fraticelli et al., 2018]. Therefore, analysis of hDMRs in cluster 12 might
uncover novel regulators essential for shortcut megakaryopoiesis.
Future research using epigenome-editing techniques based on deactivated Cas9
(dCas9) fused to an epigenetic effector protein such as Dnmt3a will be valuable to ex-
plore the causal function of the identified hDMRs during lineage commitment [Step-
per et al., 2017, Huang et al., 2017, Amabile et al., 2016].
The following sections focus on DNA methylation dynamics within the identified
methylation programs that substantiate recent findings based on functional and tran-
scriptional data.
4.2.1 DNA methylation patterns indicate the existence of
megakaryocyte-primed HSCs at the apex of the
hematopoietic system
Multipotency is considered to be a key feature of HSCs. However, nowadays it
is accepted that the HSC pool is a heterogenous cell population with differential
lineage potentials for the myeloid, lymphoid, and megakaryocytic lineages [Sanjuan-
Pla et al., 2013, Yamamoto et al., 2013, Dykstra et al., 2007, Rodriguez-Fraticelli
et al., 2018, Velten et al., 2017]. This cellular heterogeneity might be reflected
by distinct DNA methylation profiles. Indeed, in vivo clonal tracking approaches
have shown that the HSC pool consists of functionally distinct HSC clones that are
determined by clone-specific DNA methylation profiles [Yu et al., 2017].
In our DNA methylation data set, the HSPC clusters showed, as expected, a
significant enrichment for HSPC marker genes. Strikingly, we also found a strong
enrichment of MkP marker genes and an overrepresentation of binding motifs for
erythroid and megakaryocytic transcription factors. These data suggest that the
HSC pool is either contaminated with megakaryocyte progenitors or that the ma-
jority of HSCs possess an intrinsic megakaryocytic lineage priming. The second
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possibility substantiates by several functional and transcriptional studies. Using a
Vwf-eGFP reporter mouse model, Sanjuan-Pla et al. identified a Vwf+ cell popula-
tion within the HSC pool that shows platelet-specific gene expression patterns and
exhibits megakaryocytic-biased lineage output in transplantation assays [Sanjuan-
Pla et al., 2013]. Single-cell transplantations and single-cell gene expression analysis
of phenotypic HSCs confirmed the existence of a platelet-biased HSC population at
the apex of the hematopoietic system [Yamamoto et al., 2013, Guo et al., 2013, Car-
relha et al., 2018]. Recently, Rodriguez-Fraticelli et al. used transposon tagging
to show that megakaryopoiesis is the primary fate of the majority of HSCs under
unperturbed conditions [Rodriguez-Fraticelli et al., 2018], a finding that is further
substantiated by our DNA methylation data.
4.2.2 The CMP population is a heterogeneous cell population
with distinct DNA methylation profiles
Single-cell gene expression profiling and transplantation assays resolved high levels of
heterogeneity within surface marker-defined hematopoietic progenitor populations.
The CMP population is by far the most heterogeneous population in terms of gene ex-
pression and lineage output, questioning the existence of a population with erythroid,
megakaryocytic, myeloid, and dendritic lineage potential [Guo et al., 2013, Paul et al.,
2015, Buenrostro et al., 2018, Drissen et al., 2019, Perie et al., 2015]. Guo et al. iden-
tified two functionally distinct CMP subpopulations based on the expression of the
surface marker CD55. While CD55+ CMPs mainly produce erythroid and megakary-
ocytic cells in vitro, CD55- CMPs generate predominantly myeloid cells [Guo et al.,
2013]. To illustrate this heterogeneity at the epigenetic level, we generated DNA
methylation profiles of CD55+ and CD55- CMPs. Indeed, we found that these CMP
subpopulations feature two different DNA methylomes. Accordingly, CD55+ CMPs
clustered with megakaryocytic and erythroid progenitor populations in the DNA
methylation diffusion map, while CD55- CMPs clustered with myeloid and dendritic
progenitors. Altogether, our data confirmed the existence of at least two functionally
and molecular distinct subpopulations in the CMP compartment. Notably, epiallele
analysis might uncover further subpopulations, which potentially reveal unipotent
lineage commitment [Paul et al., 2015, Velten et al., 2017].
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4.2.3 DNA methylation profiles question the bipotent lineage
output of MEPs
MEPs have been defined as bipotent progenitors with both megakaryocytic and
erythrocytic lineage potential [Akashi et al., 2000]. Analysis of hematopoietic DNA
methylation profiles revealed highly similar patterns for the MEP and the CFU-E
subpopulations. Both of these cell populations share DNA methylomes that are
significantly distinct from the DNA methylomes of megakaryocyte progenitors. In
line with single-cell transcriptome data by Paul et al. [Paul et al., 2015], our DNA
methylation profiles challenge the bipotency of MEPs and rather suggest a unipotent
MEP population with exclusive erythroid lineage potential. The discrepancy between
molecular profiles and functional data by Akashi et al. can be explained by the fact
that in vitro differentiation and transplantation experiments do not entirely reflect
the lineage fate under physiological conditions. In addition, this might be explained
by a minor subpopulation of cells that retained megakaryocyte potential [Akashi
et al., 2000].
4.2.4 DNA methylation patterns trace back to the origin of
mature blood cells
The epigenetic memory of DNA methylation can be exploited to identify progenitor
populations of mature cell types and to infer differentiation routes based on DNA
methylation pseudo-dynamics.
For instance, the developmental origin of pDCs is still uncertain. Data published
by several groups indicate that pDCs do not only originate from common dendritic
progenitors (CDPs) but also from lymphoid progenitors via an alternative differen-
tiation route [Rodrigues et al., 2018, Sathe et al., 2013, Shigematsu et al., 2004].
In agreement with this data, the pDC-specific methylation clusters (cluster 16 and
19) are enriched for binding motifs of lymphoid transcription factors, such as Tcf12,
E2a, and Runx1. Furthermore, pDCs cluster between dendritic and lymphoid cell
types in the DNA methylation diffusion map. It is conceivable that pDCs originating
from different progenitor cell populations represent subpopulations within the sorted
pDCs [O’Keeffe et al., 2002, Reizis, 2019]. Single-cell transcriptome or epigenome




As another example, according to the current models of hematopoiesis, GMPs give
rise to all myeloid cell types, including monocytes, neutrophils, eosinophils, basophils,
and mast cells. Recently, Drissen et al. identified two distinct myeloid differentiation
trajectories by single-cell transcriptome profiling that separate before the segregation
from other hematopoietic lineages and can be characterized by the differential expres-
sion of Gata1. Accordingly, progenitor cells (preGMs, pre-granulocyte-macrophage
progenitor) expressing Gata1 generated mast cells, eosinophils, megakaryocytes, and
erythrocytes, while progenitor cells (preGMs) lacking Gata1 generated monocytes,
neutrophils, and lymphocytes [Drissen et al., 2016]. In line with the data published
by Drissen et al., we observed that eosinophils as well as megakaryocytic and ery-
throid progenitors share similar DNA methylation patterns (cluster 3, 6, 11, 24, 25
and 26), which were enriched for binding motifs of Gata-like transcription factors,
supporting a common differentiation branch of eosinophils, megakaryoctes, and ery-
throcytes. However, our data provide no evidence that monocytes, neutrophils, and
lymphoid cells transition through a common progenitor population. This discrep-
ancy might be explained by the fact that the Gata1- preGM population analyzed by
Drissen et al. represents a mixture of Flt3+ and Flt3- cells [Drissen et al., 2016].
4.3 DNA methylation dynamics enable modeling of
the hematopoietic system
During early hematopoietic differentiation, DNA methylation changes are progres-
sive, either showing a continuous loss or gain of DNA methylation from the HSCs
to the most differentiated MPP population [Cabezas-Wallscheid et al., 2014, Lipka
et al., 2014]. Strikingly, these early DNA methylation changes are conserved in
mature blood organs and are specific to hematopoietic cells [Lipka et al., 2014].
4.3.1 Hematopoietic differentiation is defined by progressive
and unidirectional DNA methylation changes
Based on the observed DNA methylation dynamics during early hematopoiesis, we
hypothesized that hematopoietic differentiation as a whole is associated with pro-
gressive and unidirectional DNA methylation changes that are irreversible under
physiological conditions. Indeed, we found that DNA methylation dynamics in the
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identified DNA methylation programs are invariably unidirectional, either showing a
progressive loss or gain of DNA methylation from the HSCs to the most differentiated
cell populations in all hematopoietic lineages. These unidirectional DNA methyla-
tion changes can be used to order cell types along their hematopoietic differentiation
trajectory based on so-called DNA methylation pseudo-dynamics. The methylation
pseudo-dynamics were sufficient to infer a model of murine hematopoiesis [Farlik
et al., 2016], highlighting the capability of DNA methylation dynamics to decon-
volute cellular relationships within regenerating tissues such as the hematopoietic
system.
The ultimate proof that DNA methylation changes are irreversible is limited by the
lack of in vivo real-time DNA methylation capturing methods. Future development
of in vivo DNA methylation reporters might help to resolve this question [Stelzer
et al., 2015].
4.3.2 DNA methylation dynamics during murine hematopoiesis
are reminiscent of Waddington’s epigenetic landscape
As a result of recent scRNA-seq studies on hematopoiesis, several models describing
hematopoietic differentiation at the molecular level have been introduced, including
modified models of Waddington’s epigenetic landscape [Velten et al., 2017, Lau-
renti and Gottgens, 2018, Haas et al., 2018, Waddington, 1957]. In this thesis, the
progressive and unidirectional DNA methylation changes during hematopoietic dif-
ferentiation were used to infer a model of hematopoiesis in form of a diffusion map
(Figure 3.7 b, Figure 4.1 a). These DNA methylation pseudo-dynamics, as exempli-
fied by a myeloid DNA methylation program, can be illustrated on the basis of the
classical epigenetic landscape (Figure 4.1 a, b):
Differentiating cells roll down a mountain and commit towards different cell fates,
which are visualized by ridges in the mountain. During this process, differentiating
cells progressively acquire DNA methylation commitment marks of lineage- and cell
type-specific DNA methylation programs (e.g. myeloid DNA methylation program),
as illustrated by arrows in Figure 4.1. The DNA methylation program of the final cell
fate becomes more distinct (e.g. myeloid DNA methylation program), while acquired
DNA methylation signatures of other lineage-specific methylation programs remain
stable after having passed commitment points to other lineages. The mountain slope
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Figure 4.1: The DNA methylation dynamics during murine hematopoiesis can be
visualized in Waddington’s epigenetic landscape. a, DNA methylation diffusion map with
projected progressive and unidirectional DNA methylation changes of a myeloid DNA methylation
program. b, Waddington’s epigenetic landscape with projected progressive and unidirectional DNA
methylation changes of a myeloid DNA methylation program. Arrows illustrate DNA methylation
dynamics. Red indicates high methylation values, blue indicates low methylation values.
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4.4 Integration of epigenome and transcriptome
indicates a permissive role for DNA methylation
during lineage commitment
The relationship between the epigenome and the transcriptome is relevant to our
understanding of the molecular mechanisms underlying cell fate decisions. Initial
data on the correlation between DNAmethylation and gene expression suggested that
promoter DNA methylation inversely correlates with gene expression [McGhee and
Ginder, 1979, Ben-Hattar and Jiricny, 1988, Jones, 2012]. However, recent studies
revealed that the correlation between promoter methylation and gene expression is
rather weak [Farlik et al., 2016, Bock et al., 2012, Cabezas-Wallscheid et al., 2014,
Stricker et al., 2017], indicating a more complex relationship between the epigenome
and the transcriptome.
To further investigate how DNA methylation changes affect the regulation of gene
expression, we integrated our DNA methylation map with a multi-layer single-cell
gene expression map of murine hematopoiesis. Remarkably, we found a strong en-
richment of cell type-specific marker gene sets in corresponding DNA methylation
programs. This finding supports a global anti-correlation between promoter DNA
methylation and gene expression. Indeed, projection of DNA methylation levels onto
the single-cell gene expression UMAP revealed an inverse correlation between pro-
moter DNA methylation and gene expression for the majority of genes. However,
this analysis also indicated that promoter DNA methylation and gene expression
does not always correlate within the hematopoietic system. While DNA methylation
programs were exclusively programmed in unidirectional manner, a number of gene
expression programs were only temporarily activated and lacked the negative cor-
relation with DNA methylation. This finding provides an explanation for the weak
correlation between DNA methylation and gene expression programs observed in pre-
vious studies [Farlik et al., 2016, Bock et al., 2012, Cabezas-Wallscheid et al., 2014].
Furthermore, loss of DNA methylation was not always associated with an increase in
gene expression, suggesting that DNA methylation changes are rather permissive as
opposed to being instructive for the activation of gene expression. This observation
highlights the interplay of multiple factors and layers required to induce gene expres-
sion, including DNA methylation of cis-regulatory elements, transcription factor ex-
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pression levels, chromatin accessibility, and histone modifications. Along these lines,
analysis of transcription factor expression levels and DNA methylation of transcrip-
tion factor binding motifs indicated that the co-occurrence of transcription factor
expression and demethylation of binding motifs is essential for lineage specification.
As a final note, data from individual cells covering multiple molecular layers will
be necessary to fully understand the temporal sequence of DNA methylation, chro-
matin accessibility, and gene expression dynamics and to elucidate their complex
interactions [Clark et al., 2018, Angermueller et al., 2016].
4.5 Lineage-specific DNA methylation changes in
the HSPC compartment reveal early
commitment decisions
The multipotent progenitor compartment (MPPs) is composed of distinct subpopu-
lations that are different with respect to their molecular profile and their lineage po-
tential [Oguro et al., 2013, Pietras et al., 2015, Cabezas-Wallscheid et al., 2014, Lipka
et al., 2014]. Transplantation assays demonstrated that MPP2 cells predominantly
produce erythroid and megakaryocytic cells, while MPP3 and MPP4 cells mainly pro-
duce myeloid and lymphoid cells, respectively [Pietras et al., 2015]. The Camargo lab
confirmed the functional behavior of the different MPP populations in unperturbed
hematopoiesis using transposon lineage tracing [Rodriguez-Fraticelli et al., 2018].
As part of this thesis, the HSPC compartment investigated by Cabezas-Wallscheid
et al. was further dissected into six subpopulations (HSC, MPP1, MPP2, MPP3
MPP4, and MPP5) with the aim to investigate the existence of early commitment
decisions at the epigenetic level.
Differential DNA methylation dynamics of MPP2, MPP3, and MPP4 were ob-
served in the cell type- and lineage-specific DNA methylation programs. Based on
this finding, a focus was set on a more detailed analysis of the DNA methylation
changes that were exclusively identified within the HSPC compartment. Strikingly,
these early DNA methylation changes were sufficient to segregate terminal cell fate
decisions in a diffusion map as well as in a phylogenetic tree, indicating that lineage
commitment decisions are already taken in the primitive HSPC compartment. In
line with functional data [Pietras et al., 2015, Rodriguez-Fraticelli et al., 2018], the
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reprogramming in abnormal hematopoiesis
visualization of early DNA methylation dynamics in the diffusion map revealed a
lineage bias of MPP2 towards erythropoiesis and megakaryopoiesis, of MPP3 to-
wards myelopoiesis, and of MPP4 towards lymphopoiesis. However, due to the lack
of single-cell methylomes, it remains unclear whether progenitor populations down-
stream of HSCs indeed consist of unilineage-primed progenitor cells [Velten et al.,
2017, Nestorowa et al., 2016] or whether at least some cells retain bi- or multilineage
potential [Karamitros et al., 2018].
Previous studies demonstrated that the MPP1 and MPP5 populations possess
multipotent lineage potential, but had reduced engraftment efficiency compared to
HSCs [Oguro et al., 2013, Yamamoto et al., 2013]. This finding is consistent with our
DNA methylation data ordering MPP1 and MPP5 downstream of HSCs in the DNA
methylation diffusion map. In addition, both populations lack DNA methylation
signatures of mature cell types, suggesting that both populations possess multipotent
differentiation capacity. However, similar to MPPs, single-cell DNA methylation
profiling might uncover heterogeneity and unipotent lineage priming in HSC, MPP1,
and MPP5 populations.
4.6 The DNA methylation map represents a rich
resource to study DNA methylation
reprogramming in abnormal hematopoiesis
The comprehensive DNA methylation map of murine hematopoiesis provides a rich
resource to study aberrant DNA methylation patterns across a broad range of con-
ditions. We applied the DNA methylation map to investigate the phenomenon of
myeloid- and platelet-biased differentiation that has been observed in aged HSCs
[Dykstra et al., 2011, Sudo et al., 2000, Grover et al., 2016, Morrison et al., 1996].
4.6.1 DNA methylomes of aged HSCs indicate an expansion of
megakaryocyte-primed HSCs with age
Aging is associated with functional and molecular alterations of HSCs [Dykstra et al.,
2011, Sudo et al., 2000, Grover et al., 2016, Morrison et al., 1996]. Despite the
stability of the DNA methylome, the HSC epigenome progressively shifts over a
lifetime [Sun et al., 2014, Beerman et al., 2013, Adelman et al., 2019, Florian et al.,
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2012]. Accordingly, DNA methylation changes have been used as an epigenetic clock
to measure the chronological age of an organism [Stubbs et al., 2017, Horvath, 2013].
The epigenetic drift during aging certainly plays a fundamental role in the age-
related dysfunction of HSCs. Thus, we have generated genome-wide DNA methy-
lomes of young and aged HSCs. Our DNA methylation data showed no significant
differences in global DNA methylation levels between young and aged HSCs, a find-
ing that is inconsistent with published data either showing a gain [Beerman et al.,
2013, Sun et al., 2014] or loss [Taiwo et al., 2013] of global DNA methylation levels
with age. This discrepancy is most likely due to the use of different DNA methylation
profiling technologies and sorting strategies of HSCs.
Overall, 3,275 aging-related DMRs (aDMRs) were identified in aged HSCs. Of
these aging-related remodeling events, more than 80% were associated with a loss
of DNA methylation and affected genes that are involved in megakaryopoiesis, such
as Vwf, Itgb3 (CD61 ), Selp, and small GTPases [Bianchi et al., 2016]. In line with
this, Florian et al. demonstrated that HSC aging is characterized by an increased
activity of the Rho GTPase Cdc42, which is accompanied by the loss of its polar
distribution [Florian et al., 2012]. Besides their function in megakaryopoiesis and
platelet activation, Rho GTPases play a fundamental role in HSC adhesion and
migration [Williams et al., 2008]. This is controversial, as aged HSCs show a reduced
repopulation potential in transplantation experiments. However, this discrepancy
can be explained by the overall impaired fitness of aged HSCs.
Remarkably, 46% of aging-related DNA methylation changes overlapped with
hDMRs identified in normal hematopoiesis. The overlapping aDMRs were associ-
ated with genes involved in integrin signaling and platelet activation. Moreover,
they significantly affected DNA methylation programs that are characterized by low
DNA methylation levels in megakaryocyte-primed progenitor populations. In other
words, HSC aging results in remodeling of the DNA methylome in vivo, in a man-
ner that is associated with a molecular differentiation bias towards megakaryopoiesis.
This is in accordance with previous studies using single-cell transcriptomics and func-
tional single-cell assays, demonstrating an expansion of platelet-biased HSCs with
age [Grover et al., 2016, Yamamoto et al., 2018, Rundberg Nilsson et al., 2016].
Along these lines, Gekas et al. revealed that Itga2b (CD41), a platelet integrin that
interacts with Itgb3 (CD61), is expressed on a subtype of HSCs that increases with
age [Gekas and Graf, 2013].
Despite the myeloid-lineage bias characteristic of aged HSCs, aging-related DNA
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methylation changes did not affect key myeloid genes or programs. One might spec-
ulate that extrinsic factors, such as cytokines and chemokines, produced by the aged
bone marrow niche are responsible for the myeloid bias of aged HSCs [Ho et al.,
2019, Ergen et al., 2012], while the megakaryocytic-bias is intrinsically programmed.
4.6.2 Chronic inflammatory stress accelerates aging of the
HSC methylome
Experimental mice are housed under restricted pathogen-free conditions, which keep
murine HSCs predominantly in a dormant state. In this context, murine HSCs con-
tribute only minimally to the blood production under homeostatic conditions [Busch
et al., 2015, Sun et al., 2014], but can be forced out of dormancy by inflammatory
challenge [Essers et al., 2009, Baldridge et al., 2010, Takizawa et al., 2011, Walter
et al., 2015].
The lack of HSC division in experimental mice limits the accumulation of DNA
damage [Walter et al., 2015] and likely remodeling of the epigenome. This in turn
prevents the onset of age-related phenotypes observed in human hematopoietic aging,
such as blood cytopenias, bone marrow hypoplasia, and the development of hemato-
logical malignancies. Along these lines, Adelman et al. recently demonstrated that
the epigenome of aged human HSCs is associated with reprogramming of cancer
pathways that are also affected in acute myeloid leukemia (AML) [Adelman et al.,
2019].
Using a pulsed H2B-GFP label to track the proliferative history of HSCs in vivo,
the Moore group indeed showed that slowly cycling aged HSCs, which retain the
H2B-GFP label (label retaining cell; LRC), are functionally similar to young HSCs.
In contrast, non-LRC HSCs from aged mice were functionally compromised and
showed a megakaryocyte-restricted potential in vitro [Bernitz et al., 2016, Qiu et al.,
2014]. In addition, Beerman et al. have shown that increased proliferation induced by
serial 5-Fluorouracil (5-FU) treatment causes functional decline in HSCs and DNA
methylation reprogramming that recapitulates physiological HSC aging [Beerman
et al., 2013]. Unpublished data from the Milsom group (Bogeska et al.) revealed
that chronic inflammatory challenge of laboratory mice with pI:pC leads to a decline
in HSC potency and recapitulates clinical features of aged human hematopoiesis.
Altogether, these data suggest that HSC aging can be accelerated by external stimuli
that force HSCs into cycle and, as a consequence of increased proliferation, can
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subsequently reprogram the HSC epigenome.
Remodeling of the HSC methylome caused by inflammatory challenge was investi-
gated in mice that have been serially treated with pI:pC. Despite a four-week recovery
period after the last pI:pC-injection, the HSC methylomes exhibited remnants of an
inflammatory signature. This finding indicated that gene expression programs ac-
tivated by repeated inflammatory stimuli leave molecular scars in form of aberrant
DNA methylation patterns.
Furthermore, inflammatory challenge accelerated aging-related DNA methylation
reprogramming, which might be responsible for the premature aging phenotype ob-
served in pI:pC-treated mice (Bogeska et al., unpublished data). In line with these
findings, studies from other groups have shown that the epigenetic clock is affected
by biological interventions such as diet [Stubbs et al., 2017] or infection [Horvath and
Levine, 2015, Gross et al., 2016]. For example, HIV+ patients were shown to have an
accelerated epigenetic clock compared to healthy individuals [Gross et al., 2016]. As
a final note, it is possible that the inflammation-associated DNA methylome reflects
an HSC subpopulation that has expanded in response to the inflammatory chal-
lenge. Indeed, Mann et al. identified an inflammation responsive subpopulation of
HSCs marked by CD61 expression, which expands with age and upon inflammatory
challenge [Mann et al., 2018].
Lastly, we could show that inflammatory challenge affected DNA methylation pat-
terns involved in normal hematopoiesis, reflecting the exit from dormancy and the
activation of myeloid methylation programs in order to induce innate immunity.
Altogether, our data suggests that aging of the HSC methylome is, among other
factors, a function of inflammatory stimuli per life cycle and indicates that inflam-
matory challenges leave an epigenetic memory of activated transcriptional programs,
which irreversibly overwrite the pristine DNA methylome of HSCs resulting in their
functional decline.
4.7 Conclusion & Perspective
In this doctoral thesis, a genome-wide DNAmethylation map of the murine hematopoi-
etic system was generated, which provided broad insights into how DNA methylation
is programmed during hematopoietic commitment. This DNA methylation map will
serve as a resource to investigate altered DNA patterns that emerge from all kinds
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of extrinsic and extrinsic influences such as aging, inflammatory stress, or malig-
nant transformation. The current technological developments of single-cell omics
will enable the generation of single-cell DNA methylomes, which will be essential
to accurately model the hematopoietic system and to investigate the existence of














































































































Figure 4.2: Aggregated DNA methylation patterns in lineage-specific DNA methyla-
tion programs separates single-cell DNA methylomes according to cell type. Single-cell
DNA methylome libraries were generated from sorted HSCs, B cells, and monocytes. The CpGs
was merged per DNA methylation program. Columns were arranged by hierarchical clustering
based on Euclidean distance.
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The current challenge of analyzing single-cell DNA methylomes lies in the spar-
sity of CpG methylation data, covering only 5% to 10% of all CpGs [Clark et al.,
2017]. In a pilot experiment, we have generated single-cell DNA methylomes of
HSCs, monocytes, and B cells according to the protocol published by Clark et al.
(in collaboration with Dr. Mark Hartmann and Maximilian Schönung) [Clark et al.,
2017]. Hierarchical clustering of the single-cell DNA methylomes based on CpG sites
covered in all single cells failed to cluster the DNA methylomes by cell type (data
not shown). On the contrary, merging of the CpGs per DNA methylation cluster
separated the single-cell DNA methylomes according to their cell type and recapit-
ulated the DNA methylation patterns of bulk-sorted HSCs, monocytes, and B cells
(Figure 6.1). This is in line with recently published single-cell DNA methylome data
showing that HSCs and LSKs only clustered apart using unsupervised hierarchical
clustering based on CpG sites within DMRs identified in early hematopoiesis by
Cabezas-Wallscheid et al. [Hui et al., 2018, Cabezas-Wallscheid et al., 2014]. Hence,
the identified hDMRs will serve as a reference of genomic regions to analyze sparse
single-cell DNA methylation profiles of hematopoietic cells.
In follow-up experiments for this project, single-cell DNA methylome and tran-
scriptome data will be generated from the same cells of index-sorted HSPCs [Clark
et al., 2018]. The resulting single-cell DNA methylome data will allow us to re-
solve the question whether epigenetic commitment marks of different hematopoietic
lineages can co-exist in individual hematopoietic stem and progenitor cells. This in-
formation is essential to fully understand hematopoietic differentiation. Furthermore,
this data will allow us to investigate the temporal sequence of DNA methylation and






All mice were housed under specified pathogen-free (SPF) conditions in individu-
ally ventilated cages (IVC) in the animal facilities of the German Cancer Research
Center (DKFZ) or the University of Ulm. The experimental procedures were ap-
proved by the German Regierungspräsidium Karlsruhe für Tierschutz und Arzneimit-
telüberwachung. C57BL/6J mice were purchased from Harlan Laboratories. Aged
C57BL/6J were provided by the laboratory of Hartmut Geiger (University of Ulm).
5.1.1 Chronic treatment with pI:pC
To induce cycling of HSCs in vivo, 8- to 12-week-old C57BL/6J mice were intraperi-
toneally (i.p.) injected with 5 mg kg-1 pI:pC (InvivoGen). Injections of PBS (Sigma-
Aldrich) served as negative controls.
5.2 Analysis of murine blood and bone marrow
Blood was taken from the murine facial vein and collected in K3 EDTA coated tubes
(Sarstedt). Bone marrow cells were isolated by flushing dissected femora, tibiae, and
hips using a 23 gauge needle (Medoject) and 1 mL syringe (Hemke Sass Wolf) and
collecting the cells in PBS (Sigma-Aldrich) supplemented with 2% FCS (Gibco).
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5.2.1 Blood counts and bone marrow cellularity
Peripheral blood cell counts and bone marrow cellularity per femur were determined
using a HemaVet 950 FS veterinary hematology system (Drew Scientific).
5.2.2 Flow cytometric analysis of peripheral blood and bone
marrow
Cells were stained with respective antibody panels in PBS supplemented with 2%
FCS (PBS/FSC) for at least 20 min at 4°C. All FACS antibodies were titrated and
applied in appropriate dilutions. For flow cytometric analysis, samples were diluted
in PBS/FCS, filtered, and analyzed with a LSRII or Fortessa flow cytometer (BD
Biosciences). FACS data was evaluated using FlowJo10.
Periperhal blood staining For the analysis of blood composition, 30 µL of periph-
eral blood was stained with 70 µL of antibody mix in PBS/FSC as detailed in Table
5.1. After 1 h of incubation, red blood cells were lysed with 1 mL of Ammonium-
Chloride-Potassium (ACK)-lysis buffer (Lonza) for 10 min. Cells were washed once
with PBS/FCS, resuspended in 200 µL of PBS/FCS containing 5 µg/mL of 7-amino
actinomycin D (7-AAD, Thermo Fisher Scientific), and finally FACS analyzed. 7-
AAD staining was used for the exclusion of dead cells.
Table 5.1: Antibody panel for flow cytometric analysis of peripheral blood.
Antigen Clone Fluorophore Company
CD11b M1/70 APC Invitrogen
Gr1 RB6-8C5 APC eBioscience
B220 RA3-6B2 APC eBioscience
CD4 GK1.5 PE-Cy7 Invitrogen
CD8a 53-6.7 PE-Cy7 eBioscience
B220 RA3-6B2 PE-Cy7 eBioscience
Bone marrow stainings Bone marrow cells (maximal 2x107 cells in 200 µl PB-
S/FCS) were stained with antibody panels as detailed in Table 5.2 and 5.3. After
30 min of incubation, red blood cells were lysed for 10 min with 1 mL of ACK-lysis
buffer. Cells were washed once with PBS/FCS, resuspended in 200 µL of PBS/FCS,
and finally FACS analyzed.
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Table 5.2: Antibody panel for flow cytometric analysis of HSPC populations in the
bone marrow.
Antigen Clone Fluorophore Company
CD4 GK1.5 PE-Cy7 Invitrogen
CD8a 53-6.7 PE-Cy7 eBioscience
CD11b M1/70 PE-Cy7 eBioscience
B220 RA3-6B2 PE-Cy7 eBioscience
Gr1 RB6-8C5 PE-Cy7 eBioscience
Ter119 TER-119 PE-Cy7 eBioscience
cKit (CD117) 2B8 APC Invitrogen
Sca1 D7 APC-Cy7 BD Bioscience
CD150 (SLAM) TC15-12F12.2 PE-Cy5 BioLegend
CD48 HM48-1 Pacific Blue BioLegend
CD34 RAM34 FITC eBioscience
CD135 A2F10 PE eBioscience
Table 5.3: Antibody panel for flow cytometric analysis of committed progenitor pop-
ulations in the bone marrow.
Antigen Clone Fluorophore Company
CD4 GK1.5 PE-Cy7 Invitrogen
CD8a 53-6.7 PE-Cy7 eBioscience
CD11b M1/70 PE-Cy7 eBioscience
B220 RA3-6B2 PE-Cy7 eBioscience
Gr1 RB6-8C5 PE-Cy7 eBioscience
Ter119 TER-119 PE-Cy7 eBioscience
cKit (CD117) 2B8 APC Invitrogen
Sca1 D7 APC-Cy7 BD Bioscience
CD16/32 93 eFluor 450 eBioscience
CD34 RAM34 FITC eBioscience
CD65 RIKO-3 PE BioLegend
5.3 Isolation of surface marker-defined
hematopoietic cell populations
5.3.1 Isolation of murine bone marrow cells
Bone marrow cells were collected from dissected femora, tibiae, hips, and spines of
sacrificed mice by crushing bones in Iscove´s modified Dulbecco´s medium (IMDM,
Gibco) and filtering the cell suspension through a 40 µm cell strainer (Greiner Bio-
One).
5.3.2 Enrichment of lineage negative bone marrow cells
Bone marrow cells were collected as described in Section 5.3.1. Next, low-density
mononuclear cells (LDMNCs) were enriched by density gradient centrifugation using
Histopaque 1083 (Sigma-Aldrich). Briefly, 6 mL cell suspension with a maximal cell
density of 3x107 cells mL-1 were gently layered onto 6 mL of Histopaque 1083 in a 15
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mL tube and centrifuged with 400 g for 20 min at 20°C and brake off. LDMNCs were
harvested by carefully aspirating the upper layer, interphase, and Histopaque phase.
To increase the number of LDMNCs, the remaining cell pellet was resuspended in 6
mL IMDM and subjected to another round of density gradient centrifugation.
LDMNCs were collected in 3 mL of PBS/FCS and then incubated with a cocktail
of biotin-conjugated rat anti-mouse lineage antibodies (Table 5.4) at a concentra-
tion of 112.6 µL of lineage cocktail per 1x108 cells for 30 min at 4°C. The labeled
LDMNCs were washed once with PBS/FCS and incubated with anti-rat IgG-coated
magnetic Dynabeads from the Dynabeads Untouched Mouse T Cells Kit (Invitrogen)
at a concentration of 1 mL beads per 1 x 108 cells in PBS/FCS for 45 min at 4°C.
Finally, lineage negative bone marrow cells were enriched by magnetic depletion of
lineage positive cells using the DynaI MPC-6 magnet (Invitrogen). The resulting
supernatant containing the purified lineage negative bone marrow cells was used for
further purification of hematopoietic stem and progenitor cells by flow cytometric
cell sorting.
Table 5.4: Cocktail of biotin-conjugated rat anti-mouse antibodies.
Antigen Clone Concentration Company
CD5 53-7.3 4.2 µg mL-1 BD Bioscience
CD45R/B220 RA3-6B2 2.8 µg mL-1 BD Bioscience
CD11b/Mac1α M1/70 2.6 µg mL-1 BD Bioscience
CD8a 53-6.7 4.2 µg mL-1 BD Bioscience
Ly-6G and Ly-6C/Gr1 RB6-8C5 2.4 µg mL-1 BD Bioscience
Ter119 TER-119 2.6 µg mL-1 BD Bioscience
5.3.3 Isolation of murine splenic cells
Splenic cells were isolated by pressing dissected spleens from sacrificed mice through a
40 µm cell strainer using a 2 mL syringe plunger and collecting the cells in PBS/FCS.
5.3.4 Fluorescence activated cell sorting of hematopoietic cell
populations
Cells were stained with respective antibody panels in PBS/FSC for at least 20 min
at 4°C. Before cell sorting, samples were diluted in PBS/FCS and filtered through a
40 µm cell strainer. All hematopoietic cell populations were sorted into 1.5 µL tubes
containing 300 µL of PBS/FCS using an Aria I, Aria II, or Fusion cell sorter (BD
Biosciences) and a 100 µm nozzle. An aliquot of sorted cells was taken to validate
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the purity of the sorted cell population in a re-sort.
Gating strategies are shown in Figure 3.1 b, A.1, and A.2. For TWGBS, sorted
cells were pelleted and snap-frozen in liquid nitrogen. Cell pellets were stored at
-80°C until further processing.
Cell sorting of hematopoietic cell populations from total bone marrow The
following hematopoietic cell populations were sorted from total bone marrow cells
(5.3.1): monocytes, neutrophils, eosinophils, B cells, and T cells. For this purpose,
total bone marrow cells at a concentration 1x107 cells mL-1 were incubated with
different panels of antibodies diluted in PBS/FCS for 20 min at 4°C as detailed in
Table 5.5. After washing, the labeled total bone marrow cells were resuspended in
PBS/FCS and finally subjected to fluorescence activated cell sorting.
Cell sorting of hematopoietic cell population from lineage negative cells
The following hematopoietic cell populations were sorted from lineage negative bone
marrow cells (5.3.2): HSC, MPP1, MPP5, MPP2, MPP3, MPP4, GMP, MEP, CMP
CD55+, CMP CD55-, CLP, preMegE, MkP, CFU-E, MDP*, CDP*, and cMoP* (*
enrichment of lineage negative cells without density gradient centrifugation step).
For this purpose, 1x107 cells mL-1 lineage negative cells were incubated with differ-
ent panels of antibodies diluted in PBS/FCS for 20 min at 4°C as detailed in Table
5.5. After washing, the labeled lineage negative cells were resuspended in PBS/FCS
and finally subjected to fluorescence activated cell sorting.
Cell sorting of hematopoietic cell populations from spleen The following
hematopoietic cell populations were sorted from splenic cell suspensions (Section
5.3.3): pDC, cDC CD8a+, and cDC CD11b+ (cells were isolated by Dr. Melinda
Czeh). For this purpose, splenocytes at a concentration 1x107 cells mL-1 were incu-
bated with different panels of antibodies diluted in PBS/FCS for 20 min at 4°C as
detailed in Table 5.5. After washing, the labeled cells were resuspended in PBS/FCS
and finally subjected to fluorescence activated cell sorting. 7-AAD was used for the
exclusion of dead cells.
Cell sorting of murine megakaryocytes from total bone marrow With the
aim to isolate diploid megakaryocytes, total bone marrow cells were fixed, permeabi-
lized and stained with an intercalating DNA dye. In detail, murine bone marrow cells
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of one mouse were diluted in 10 mL PBS/FCS and labeled with 100 µL of self-made
rat anti-mouse lineage cocktail (provided by the lab of Marieke Essers) for 1 h at
4°C. After washing with PBS/FCS, the cells were incubated with 1.5 mL of anti-rat
IgG-coated magnetic Dynabeads for 30 min at 4°C. Lineage negative bone marrow
cells were enriched as described before by magnetic depletion of lineage positive cells
using the DynaI MPC-6 magnet (Invitrogen). For cell surface staining, 1x107 cells
mL-1 lineage negative cells were incubated with 200 µL of antibody mix diluted in
PBS/FCS for 45 min at 4°C as detailed in Table 5.5. For fixation, the labeled cells
were once washed with PBS/FCS and then fixed with BD Cytofix/Cytoperm (BD
Bioscience) for 15 min on ice. The fixed cells were washed twice with PermWash
buffer (BD Bioscience) and incubated with 200 µL of PermWash buffer containing
25 µg/mL of Hoechst 33342 (Invitrogen) for 10 min on ice. After washing, the cells
were resuspended in PBS/FCS and subjected to fluorescence activated cell sorting.
Table 5.5: Antibodies panels used for the isolation of 26 hematopoietic populations.
Sorted Populations Antigen Clone Conjugation Company
HSC, MPP1, MPP5, CD5 53-7.3 Biotin BD Bioscience
MPP2, MPP3, MPP4 B220 RA3-6B2 Biotin BD Bioscience
CD11b M1/70 Biotin BD Bioscience
CD8a 53-6.7 Biotin BD Bioscience
Gr1 RB6-8C5 Biotin BD Bioscience
Ter119 TER-119 Biotin BD Bioscience
Streptavidin - PE-Cy7 BioLegend
cKit (CD117) 2B8 APC Invitrogen
Sca1 D7 APC-Cy7 BD Bioscience
CD150 (SLAM) TC15-12F12.2 PE-Cy5 BioLegend
CD48 HM48-1 Pacific Blue BioLegend
CD34 RAM34 FITC eBioscience
CD135 (Flt3) A2F10 PE eBioscience
GMP, MEP, CMP CD55−, CD5 53-7.3 Biotin BD Bioscience
CMP CD55+ B220 RA3-6B2 Biotin BD Bioscience
CD11b M1/70 Biotin BD Bioscience
CD8a 53-6.7 Biotin BD Bioscience
Gr1 RB6-8C5 Biotin BD Bioscience
Ter119 TER-119 Biotin BD Bioscience
Streptavidin - PE-Cy7 BioLegend
cKit (CD117) 2B8 APC Invitrogen
CD16/32 93 eFluor 450 eBioscience
CD34 RAM34 FITC eBioscience
CD155 RIKO-3 PE BioLegend
CLP CD5 53-7.3 Biotin BD Bioscience
B220 RA3-6B2 Biotin BD Bioscience
CD11b M1/70 Biotin BD Bioscience
CD8a 53-6.7 Biotin BD Bioscience
Gr1 RB6-8C5 Biotin BD Bioscience
Ter119 TER-119 Biotin BD Bioscience
Streptavidin - PE-Cy7 BioLegend
cKit (CD117) 2B8 APC Invitrogen
Sca1 D7 APC-Cy7 BD Bioscience
CD127 SB/199 PE BD Bioscience
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Sorted Populations Antigen Clone Conjugation Company
preMegE, MkP, CFU-E CD5 53-7.3 Biotin BD Bioscience
B220 RA3-6B2 Biotin BD Bioscience
CD11b M1/70 Biotin BD Bioscience
CD8a 53-6.7 Biotin BD Bioscience
Gr1 RB6-8C5 Biotin BD Bioscience
Streptavidin - PerCP-Cy5.5 BD Bioscience
cKit (CD117) 2B8 APC Invitrogen
Sca1 D7 APC-Cy7 BD Bioscience
CD150 (SLAM) TC15-12F12.2 PE-Cy5 BioLegend
CD41 TMWReg30 FITC BD Bioscience
CD16/32 93 PE eBioscience
CD105 MJ7/18 Pacific Blue Invitrogen
Ter119 TER-119 PE-Cy7 eBioscience
MDP, CDP CD3 145-2C11 PerCP-Cy5.5 BioLegend
CD4 GK1.5 PerCP-Cy5.5 BioLegend
B220 RA3-6B2 PerCP-Cy5.5 BioLegend
CD11b M1/70 PerCP-Cy5.5 BioLegend
CD11c N418 PerCP-Cy5.5 BioLegend
CD19 6D5 PerCP-Cy5.5 BioLegend
CD8a 53-6.7 PerCP-Cy5.5 BioLegend
Gr1 RB6-8C5 PerCP-Cy5.5 BioLegend
Ter119 TER-119 PerCP-Cy5.5 BioLegend
NK1.1 PK136 PerCP-Cy5.5 BioLegend
cKit (CD117) 2B8 Pacific Blue BioLegend
CD115 AFS98 PE BioLegend
CD135 (Flt3) A2F10 APC BioLegend
cMoP CD3 145-2C11 PerCP-Cy5.5 BioLegend
CD4 GK1.5 PerCP-Cy5.5 BioLegend
B220 RA3-6B2 PerCP-Cy5.5 BioLegend
CD11c N418 PerCP-Cy5.5 BioLegend
CD19 6D5 PerCP-Cy5.5 BioLegend
CD8a 53-6.7 PerCP-Cy5.5 BioLegend
Ly6G 1A8 PerCP-Cy5.5 BioLegend
Ter119 TER-119 PerCP-Cy5.5 BioLegend
NK1.1 PK136 PerCP-Cy5.5 BioLegend
cKit (CD117) 2B8 APC Invitrogen
CD115 AFS98 PE BioLegend
CD135 (Flt3) A2F10 Biotin eBioscience
Streptavidin - PE-Cy7 eBioscience
Ly6C HK1.4 APC -Cy7 BioLegend
CD11b V450 Pacific Blue BD Bioscience
Monocytes, B cells, Ly6C HK1.4 APC-Cy7 BioLegend
T cells CD11b M1/70 FITC eBioscience
B220 RA3-6B2 APC eBioscience
CD4 GK1.5 PE eBioscience
CD48a 53-6.7 PE eBioscience
Neutrophils, CD5 53-7.3 Biotin BD Bioscience
Eosinophils B220 RA3-6B2 Biotin BD Bioscience
CD8a 53-6.7 Biotin BD Bioscience
Ter119 TER-119 Biotin BD Bioscience
Streptavidin - PE-Cy7 BioLegend
CD45 30-F11 PE-Cy5 eBioscience
CD11b M1/70 APC-Cy7 eBioscience
SiglecF E50-2440 PE BD Bioscience
Ly6G 1A8-Ly6g FITC eBioscience
FcεRI MAR-1 Pacific Blue BioLegend
cKit (CD117) 2B8 APC Invitrogen
pDC CD11c N418 APC eBioscience
PDCA eBio827 PE eBioscience
7-AAD - - Thermo Fisher
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Sorted Populations Antigen Clone Conjugation Company
cDC CD8a+, CD11c N418 APC eBioscience
cDC CD11b+ MHCII M5/114.15.2 PE eBioscience
CD11b M1/70 PE-Cy7 BioLegend
CD8a 53-6.7 V450 BD Bioscience
7-AAD - - Thermo Fisher
Megakaryocyte (2N) CD3 - - self-made antibody
CD4 - - self-made antibody
B220 - - self-made antibody
CD11b - - self-made antibody
CD8a - - self-made antibody
Gr1 - - self-made antibody
Ter119 - - self-made antibody
CD4 GK1.5 PE-Cy7 Invitrogen
B220 RA3-6B2 PE-Cy7 eBioscience
CD11b M1/70 PE-Cy7 BioLegend
CD8a 53-6.7 PE-Cy7 eBioscience
Gr1 RB6-8C5 PE-Cy7 eBioscience
Ter119 TER-119 PE-Cy7 eBioscience
CD42d 1C2 APC eBioscience
CD41 eBioMWReg30 PE eBioscience
CD9 eBioKMC8 FITC eBioscience
Hoechst33342 - - Invitrogen
5.4 Whole genome DNA methylation profiling of
hematopoietic cell populations
5.4.1 DNA extraction from snap-frozen cell pellets
DNA was isolated from snap-frozen cell pellets (10.000 - 50.000 sorted cells) using
the QIAamp DNA Micro Kit (Qiagen) according to the manufacturer’s instructions.
The purified DNA was eluted twice with 15 µL of UltraPure nuclease-free water
(Thermo Fisher Scientific). The concentration of isolated DNA was measured with a
Qubit 2.0 Fluorometer (Thermo Fisher Scientific) using the Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific). Of the isolated DNA, 10 to 30 ng were used for
subsequent TWGBS.
5.4.2 Generation of tagmentation-based whole genome
bisulfite sequencing libraries
Tagmentation-based whole genome bisulfite sequencing (TWGBS) was performed
as previously published by Wang et al. [Wang et al., 2013]. Briefly, pre-adapters
(Tn5mC-Apt1 and Tn5mC1.1-A1block) were annealed to generate a 10 µM load
adaptor mixture. The transposome was assembled by transferring 11 µL of load
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adaptor to 10 µL of Ez-Tn5 transposase (Epicentre). For tagmentation of the ge-
nomic DNA, 2 µL of assembled transposome were added to a mixture of 10 µL of
2x tagmentation buffer (20 mM Tris(hydroxymethyl)aminomethane; 10 mM MgCl2;
20% (vol/vol) dimethylformamide; pH 7.6) and 8 µL of DNA (10 to 30 ng) in a 0.2
mL tube and incubated for 8 min at 55°C. The tagmentation reaction was stopped
by adding 15 µL of 5 M Guanidinium thiocyanate (Sigma-Aldrich). The resulting
tagmented DNA was purified with AmPure XP beads (Beckman Coulter) using a
SX-8G IP-Star robot (Diagenode). Oligonucleotide replacement and gap repair was
performed by adding 2 µL of dNTP mix (10 mM, Fermentas), 2 µL of 10x Ampligase
buffer (Biozym), 2 µL of replacement oligo, 1 µL of T4 DNA polymerase (New Eng-
land BioLabs), and 2.5 µL of Ampligase (Biozym) to 11 µL of eluate and incubating
the mix as indicated in the published protocol. After AmPure XP Bead purifica-
tion, the tagmented DNA was bisulfte-converted using the EZ DNA methylation kit
(Zymo) according to the manufacturer’s instructions. For the generation and amplifi-
cation of TWGBS sequencing libraries, 11 µL of bisulfite-converted DNA were mixed
with 12.5 µL of 2x Kapa 2G Robust HotStart ReadyMix (Kapa Biosystems), 0.75 µL
of primer Tn5mCP1 (10 µM), 0.75 µL of barcoded Tn5mC reverse primer, and 0.25
µL of 100x SYBR Green (Life Technologies) and amplified in a real-time PCR (95°C,
3 min; 12 to 15 cycles of 95°C, 20 s; 62°C, 15 s; 72°C, 40 s) using Lightcycler 480
with a 96-well block (Roche). The PCR reaction was stopped when the amplification
curve reached the plateau phase. For each sample two to four differently barcoded
sequencing libraries were generated in distinct real-time PCR reactions in order to
reduce the number of PCR duplicates. After a final AmPure XP Bead purifica-
tion, the library concentration was quantified with a Qubit 2.0 Fluorometer using
the Qubit dsDNA HS Assay Kit and the fragment size distribution (expected mean
fragment size: 300 to 500 bp) was determined with a Bioanalyzer 2100 (Agilent)
using the Quant-iT dsDNA HS assay kit (Agilent). Finally, the resulting libraries
were pooled in an equimolar ratio and subjected to 125 bp paired-end sequencing on
a HiSeq2000 platform (Illumina). Sequencing was performed by the Genomics and
Proteomics Core Facility at the DKFZ.
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Table 5.6: Oligonucleotides for the generation of TWGBS libraries.
Oligonucleotide Sequence (5’ to 3’) Modification
Tn5mC-Apt1 TcGTcGGcAGcGTcAGATGTGTATAAGAGAcAG c: 5C-methylated
Tn5mC1.1-A1block pCTGTCTCTTATACAddC p: phosphate
ddC: dideoxycytidylate






5.4.3 TWGBS read alignment
Read alignment was performed by the Omics IT and Data Management Core Facility
(ODCF) at the DKFZ using an updated version of the pipeline published by Wang
et al. [Wang et al., 2013], which was implemented as a Roddy Workflow1 in the
automated ’One Touch Pipeline’ (OTP) [Reisinger et al., 2017]. Briefly, adaptor
sequences of raw reads were trimmed using ’Trimmomatic’ [Bolger et al., 2014]. The
sequencing reads were then in silico bisulfite-converted; with a C-to-T conversion
in the first read and a G-to-A conversion in the second read of each read pair.
The software package ’BWA-MEM’ [Li, 2013] was used with default parameters to
align the converted reads to the in silico bisulfite-converted reference mm10 genome.
Reads aligned to the anti-sense strand of the reference genome were removed and
the remaining aligned reads were converted back to the original sequence. PCR
duplicates were identified and removed using ’Picard MarkDuplicates’2. Finally, the
sequencing reads from all libraries per sample were merged. The alignment quality
was validated by computing the mapping rate using ’SAMtools’ [Li et al., 2009],
insert size distributions, and genome coverage statistics.
5.4.4 Methylation calling and quality control
Methylation calling and M-bias trimming was performed by Stephen Kraemer from
the Bioinformatics and Omics Data Analytics group at the DKFZ with the methy-
lation caller ’bistro’ (version 0.2.0)3. Automatic M-bias detection was done using
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mentation reaction and additional nucleotides affected by M-bias. Sequencing reads
with a mapping rate ≥25 and nucleotides with a Phred-scaled quality score ≥25
were considered for further analysis. In general, cytosines converted to thymine
were considered as unmethylated, while non-converted cytosines were considered as
methylated.
Bisulfite conversion rates were estimated using the CH methylation levels on Chro-
mosome 1. Data reproducibility of biological replicates was estimated by PCA using
the R package ’FactoMineR’ [Lê, S. and Josse, J. and Husson, F., 2008] and by cal-
culating the Pearson’s correlation coefficient r based on methylation levels in murine
’Ensembl regulatory features’ downloaded from the Ensembl database4.












Figure 5.1: Workflow for the identification of hematopoietic DMRs. First, DMRs
were called by pairwise comparisons of HSCs versus all downstream hematopoietic populations
(illustrated here by only four populations for simplicity). Subsequently, overlapping DMRs from
the individual pairwise comparisons were merged to the so-called ‘hematopoietic’ DMRs (hDMRs).
Differentially methylated regions (DMRs) were called by the pairwise comparison
using the R package ’DSS’ [Park and Wu, 2016]. First, the statistical test using the
function ‘DMLtest’ without smoothing was run for two samples with at least two
biological replicates. Second, DMRs were identified with the function ‘callDMR’.
DMRs were defined as at least 3 consecutive CpGs with a minimal DNA methylation




5.5 Single-cell methylation profiling of hematopoietic cells
The final set of ’hematopoietic DMRs’ (hDMRs) was generated by merging over-
lapping DMRs from the individual pairwise comparisons (HSC vs MPP1, HSC vs
MPP2, etc.) as exemplified by 4 pairwise comparisons in Figure 5.1.
5.4.6 Definitions of genomic features
The software tool ’gtfanno’5 was used to annotate DMRs to RefSeq genes and to
define genomic regions. Coordinates of genomic features (gene, transcript, exon,
CDS, UTR, start codon, stop codon) of RefSeq genes were downloaded from the
GENCODE database6. Genomic features were defined as follows: promoter: -5,000
bp upstream and 1,000 bp downstream of RefSeq TSS; 5’-UTR: UTR as defined by
GENCODE; 3’-UTR: UTR as defined by GENCODE, not overlapping with start
codon; exon: as defined by GENCODE; DCRD (Distant Cis Regulatroy Domain):
-50,000 bp to -5,000 bp upstream of TSS; intergenic: all genomic regions that do not
overlap with the other genomic features.
5.5 Single-cell methylation profiling of
hematopoietic cells
5.5.1 Single-cell sorting of hematopoietic cells
Bone marrow cell suspensions were prepared for cell sorting as described in 5.3. Cells
were index-sorted into 0.2 mL tubes containing 3 µL of RLT Plus Buffer (Qiagen)
using an Aria I cell sorter (BD Bioscience) and a 100 µm nozzle. After cell sorting,
the sorted single cells were immediately frozen on dry ice and stored at -80°C until
further processing. The fluorescence intensities per channel and cell were recorded
for retrospective analysis of surface marker expression.
5.5.2 Generation of single-cell bisulfite sequencing libraries
Post-bisulfite adapter tagging (PBAT) libraries for single-cell bisulfite sequencing
(scBS-seq) were generated as previously described by Clark et al. (in collaboration
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µL of water were added to 3 µL of the cell lysate from 5.5.1. Bisulfite conversion and
purification was carried out using the EZ Methylation Direct Kit (Zymo) according
to manufacturer’s instructions but with half of the indicated volumes. The bisulfite-
converted DNA was eluted directly into 40 µL of preamplification mixture (4 µL
10x Blue buffer (Enzymatics), 1.6 µL dNTP mix (10 mM, Roche), 1.6 µL Preamp
primer (10 µM, IDT), 32.8 µL water) and incubated at 65°C for 3 min. For the
following preamplification, 1 µL of Klenow exo- (50 U µL-1, Enzymatics) was added
to the mixture, which was slowly heated from 4°C to 37°C, incubated at 37°C for
30 min, and then heated to 95°C for 45 sec. The preamplification step was repeated
three times with the addition of 2.5 µL of preamplification mixture (0.25 µL 10x
Blue buffer, 0.1 µL dNTP mix, 1 µL Preamp primer (10 µM), 0.5 µL Klenow exo-
(50 U µL-1), 0.65 µL water). For exonuclease I treatment, the reaction mixture was
incubated with 2 µL of Exonuclease I (NEB) and 48 µL of water at 37°C for 1 h. The
DNA was purified with AMPpure XP beads (Beckman Coulter) using 0.8x bead to
sample ratio according to the manufacturer’s guideline and immediately eluted into
49 µL of adaptor 2 tagging mix (5 µL 10x Blue buffer, 2 µL dNTP mix, 2 µL Adapter
2 Oligo (10 µM, IDT), 40 µL water). The mixture was heated to 95°C for 45 sec
and cooled on ice. For second strand synthesis, 1 µL of Klenow exo- (50 U µL-1) was
added and the mixture was slowly heated from 4°C to 37°C and then incubated at
37°C for 90 min. The double-tagged products were purified with AMPpure XP beads
using 0.8x bead to sample ratio and immediately eluted into 50 µL of PCR reaction
mix (10 µL 5X KAPA HiFi Fidelity Buffer (Anachem), 1 µL dNTP mix, 1 µL PE1.0
primer (10 µM, IDT), 1 µL iPCRTag (10 µM), 1 µL KAPA HotStart polymerase (1
U µL-1, Anachem), 36 µL water). The scRNA-seq libraries were amplified in a PCR
reaction (95°C, 2 min; 12 to 16 cycles of 94°C, 80 s; 65°C, 30 s; 72°C, 30 s; and finally
72°C, 3 min) of 12 to 16 cycles. After a final AmPure XP Bead purification with a
0.8x bead to sample ratio, the scBS-seq library concentration was quantified with a
Qubit 2.0 Fluorometer using the Qubit dsDNA HS Assay Kit and the fragment size
distribution was determined with a Bioanalyzer 2100 using the Quant-iT dsDNA HS
assay kit. Finally, 19 scBS-seq libraries, four mini-bulk libraries (10 to 100 cells),
and one negative control were multiplexed in equimolar ratios and subjected to 75
bp paired-end sequencing on a HiSeq2000 platform. Sequencing was done by the
Genomics and Proteomics Core Facility at the DKFZ.
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Table 5.7: Oligonucleotides for the generation of scBS-seq libraries. All oligonucleotides
were purchased form IDT.
Oligonucleotide Sequence (5’ to 3’) Modification
Preamp primer CTACACGACGCTCTTCCGATCTNNNNNN
Adapter 2 Oligo TGCTGAACCGCTCTTCCGATCTNNNNNN





5.5.3 scBS-seq read alignment and methylation calling
Read alignment and methylation calling was performed by Anand Mayakonda from
the division of Cancer Epigenomics at the DKFZ using a modified workflow published
by Clark et al. [Clark et al., 2017]. Briefly, adaptors and low-quality sequences were
trimmed with ’fastp’ [Chen et al., 2018]. Subsequently, read alignment, PCR du-
plicate exclusion, and methylation calling was done with the software program ’Bis-
mark’ (v0.22.1) [Krueger and Andrews, 2011]. The sequencing reads were aligned to
the mm10 reference genome in the single-end non-directional mode. After duplicate
exclusion, methylation calling was performed with default parameters.
5.6 Single-cell gene expression profiling of
hematopoietic cell layers
5.6.1 Sorting of hematopoietic cell layers for single-cell RNA
sequencing
Three murine hematopoietic cell layers from one donor mouse, including Lin- Sca1+
cKit+ (LSK) cells, Lin- Sca1- cKit+ (LK) cells, and total bone marrow cells (CD45+),
were isolated for single-cell RNA sequencing (scRNA-seq). LSK cells and LK cells
were sorted from a suspension of lineage negative cells and bone marrow cells from a
suspension of total bone marrow cells (Section 5.3.1, 5.3.2, 5.3.4). Overall, 3,366 LSK
cells, 10,044 LK cells, and 10,004 total bone marrow cells were sorted into PBS/FCS
and subjected to scRNA-seq library preparation.
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5.6.2 Generation of single-cell RNA sequencing libraries
Single-cell RNA-seq libraries were prepared in the scOpenLab at the DKFZ by Dr.
Mark Hartmann and Katharina Bauer using the Chromium Single-Cell 3’ Reagent
Kit v2 (10X Genomics) and following the manufacturer’s instructions. Briefly, sorted
LSK, LK, and total bone marrow cells were loaded on a Chromium Single-Cell A
Chip and processed using the Chromium Single-Cell Controller (10X Genomics) to
generate single-cell Gel Bead-In-Emulsions (GEMs) and full-length barcoded cDNA.
Subsequently, the GEMs were broken and the released barcoded cDNA was ampli-
fied by PCR. Finally, scRNA-seq libraries were generated in a PCR reaction and
subjected to paired-end 100 cycles sequencing on a HiSeq4000 platform (Illumina).
Sequencing was performed by the Genomics and Proteomics Core Facility at the
DKFZ.
5.6.3 Analysis of single-cell transcriptomes
Chromium scRNA-seq output was processed by Abdelrahman Mahmoud from the
division of Applied Bioinformatics at the DKFZ. Briefly, the 10X Genomics ’Cell
Ranger’ pipeline version 3.1 (10X Genomics) was used with default parameters for de-
multiplexing of raw reads, alignment to the mm10 reference genome, and generation
of the unique molecular identifiers (UMI) count matrix. The R package ’Seurat’
version 3 was used for further pre-processing of the scRNA-seq data [Butler et al.,
2018, Stuart et al., 2019]. Quality control (QC) filtering of single cells was performed
with default parameters. The data was normalized and scaled using the ’sctransform’
wrapper implemented in Seurat. Clustering of single cells was performed based on
Louvain clustering using Seurat’s ‘FindClusters’ function. Differentially expressed
genes were called and used to manually annotate the scRNA-seq clusters (annotation
of single-cell clusters was performed by Dr. Simon Haas, Dr. Mark Hartman, and
Jens Langstein). Finally, to visualize scRNA-seq data set, the UMAP was plotted
using Seurat’s ‘RunUMAP’ function.
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5.7 Bioinformatical methods for downstream
analysis
5.7.1 Hierarchical clustering of DMRs
For hierarchical clustering of DMRs, the beta-values of each DMR were z-score trans-
formed. The z-score, also known as standard score, scales the values of a column
around the mean. If a data point is equal to the mean, the z-score will be scaled
to 0. The z-score is defined by the following equation (x, data point; µ, mean; σ,
standard deviation):
z = x− µ
σ
(5.1)
Unsupervised hierarchical clustering of z-score transformed DNA methylation val-
ues was performed based on Euclidean distance and Ward’s linkage. Heatmaps were
plotted with the R/Bioconductor package ’ComplexHeatmap’ [Gu et al., 2016]. To
determine an appropriate number of DNA methylation clusters, the resulting den-
drogram was cut using the function ‘cutreeHybrid’ implemented in the R package
’dynamicTreeCut’ [Langfelder et al., 2016]. The ’deepSplit’ and ’minGap’ parameters
were adjusted to modify the size and number of clusters.
5.7.2 Genome browser tracks
Genome browser tracks were generated using the R/Bioconductor package ’Gviz’
[Hahne and Ivanek, 2016]. Murine RefSeq genes were extracted form the ’TxDb.
Mmusculus.UCSC.mm10.knownGene TxDB’ R object based on the UCSC build
mm10.
5.7.3 Genomic region set enrichment analysis using GREAT
The ‘Genomic Regions Enrichment of Annotations Tool’ (GREAT, version 3.0.0)
with default parameters was used to annotate DMRs to nearby genes and perform
Gene Ontology and MSigDB pathway enrichment analysis based on a binomial test
over genomic regions (e.g. DMRs) [McLean et al., 2010]. The mm10 mouse genome
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was used as background. Enriched gene sets with a binominal fold enrichment >2.0
were ranked according to their -log10(binominal p-value).
5.7.4 Transcription factor motif enrichment analysis using
HOMER
The function ‘findMotifsGenome.pl’ implemented in the ‘Hypergeometric Optimiza-
tion of Motif EnRichment’ tool (HOMER) was used to find known transcription
factor binding motifs in DMRs and perform motif enrichment analysis based on
a hypergeometric test over genomic regions (e.g. DMRs) [Heinz et al., 2010]. The
mm10 mouse genome was used as background. Enriched transcription factor binding
motifs were ranked according to their hypergeometric p-value.
5.7.5 Overlap enrichment analysis of genomic features based
on the Fisher’s exact test
Overlap enrichment analyses of genomic region sets (single-cell marker genes, tran-
scription factor motifs, ChIP-seq peaks, enhancer regions) and methylation programs
(hDMRs) were performed with ’regionset_profiler’7. This tool is based on a two-
sided Fisher’s exact test calculating the p-value and log odds ratio of the overlap.
The whole set of hDMRs was used as the background region set. The enrichment
score was calculated by multiplying the product of the log10(p-value) by the sign of
the log odds ratio.
Genomic regions set were curated as follows:
1. The single-cell marker gene sets were extracted from the single-cell clusters
identified with the R package ’Seurat’ (see 5.5.2).
2. Transcription factor binding motifs were downloaded from the HOMER web-
page8
3. Genomic regions of ChIP-seq peaks were downloaded from the ’Codex’ database
and filtered for ChIP-seq data generated in untreated primary hematopoietic
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4. Hematopoietic enhancer regions have been defined as previously published by
Lara-Astiaso et al.10 [Lara-Astiaso et al., 2014].
The overlap of genomic regions (transcription factor motifs, ChIP-seq peaks, en-
hancer regions) and hDMRs was computed with ’BEDtools’ [Quinlan and Hall, 2010].
5.7.6 Diffusion map representation
Diffusion map representation, a spectral non-linear reduction method, was generated
using the R package ‘destiny’ [Angerer et al., 2016]. Louvain clusters were identified
with the ’Louvain’ algorithm implemented in ‘destiny’.
5.7.7 Non-negative factorization
Non-negative matrix factorization (NMF), a matrix decomposition model, was run
with a factorization rank of six using the R/Bioconductor package ‘Bratwurst’11.
5.7.8 Phylogenetic reconstruction
Methylation-based phylogenetic trees were generated calculating ’Manhattan’ dis-
tance matrices based on mean DNA methylation levels within early hematopoi-
etic or hematopoietic DMRs. Phylogenies were inferred by the minimal evolution
method [Desper and Gascuel, 2002] using the ‘fastme.bal’ function and plotted using
‘plot.phylo’ function, both implemented in the R package ’ape’ [Paradis and Schliep,
2019].
5.7.9 Overlap between two sets of DMRs
The overlap of two sets of DMRs was calculated with the ‘findOverlapsOfPeak’
function implemented in the R/Bioconductor package ‘ChIPpeakAnno’ [Zhu et al.,
2010, Zhu, 2013]. DMRs with a minimum overlap of one nucleotide were consid-
ered to be overlapping. Venn diagrams were plotted with the ‘makeVennDiagram’.
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5.7.10 Data wrangling, visualization, and statistical analyses
Data wrangling, data visualization, and statistical analyses were performed using R.
Wrangling of data was mainly conducted with functions of the R package ’dplyr’
[Wickham et al., 2019]. Data was visualized using the R packages ’ggplot2’ or ’Com-
plexHeatmap’ [Wickham, 2016, Gu et al., 2016]. 3D plots were generated using the
R package ’rgl’ [Adler and Murdoch, 2019]. Statistical tests were calculated using
functions of the R package ’stats’. The type of statistical test, sample size (n), and
p-values are stated in the respective figure legend. Statistical significance is indicated
by *: p <0.05, **: p <0.01, ***: p <0.005. Error bars indicate standard deviation







Table A.1: Quality parameters of DNA methylomes of hematopoietic cell populations.











MPP1 1 14.1 25.9 82.1 99.35
2 6.1
3 5.8





MPP2 1 6.3 25.2 81.0 99.13
2 9.6
3 9.3
MPP3 1 24.4 67.0 81.3 99.61
2 22.9
3 19.8
MPP4 1 28.2 77.9 81.8 99.68
2 24.8
3 25.0





MEP 1 11.4 46.1 71.3 99.51
2 19.7
3 14.9















Megakaryocyte 1 7.7 12.6 70.8 98.87
2 3.1∗
3 1.8∗
CFU-E 1 15.5 44.7 71.0 99.60
2 16.4
3 12.8




cMoP 1 10.8 18.7 78.7 99.25
2 7.9
Monocytes 1 11.6 43.2 76.3 99.62
2 16.7
3 14.9
Neutrophils 1 11.3 24.0 77.0 99.58
2 4.4∗
3 8.2
Eosinophils 1 10.7 30.7 75.0 99.30
2 11.3
3 8.7




MDP 1 14.3 23.0 80.8 99.15
2 8.7




cDC CD8a+ 1 10.5 31.3 78.4 99.57
2 7.1
3 13.6
cDC CD811b+ 1 9.5 21.8 78.2 99.56
2 4.3∗
3 7.9
pDC 1 11.6 32.5 79.0 99.59
2 9.8
3 11.1
CLP 1 13.1 45.0 80.4 99.36
2 23.1
3 8.8
B cells 1 14.4 48.1 79.2 99.36
2 12.6
3 21.1




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Gated on Lin- cells:


















































































































Gated on Lin- cells:
Figure A.1: Representative sorting schemes used to isolate primary progenitor popu-
lations. Committed progenitor populations were collected from the bone marrow of 8-12 weeks-old
CD57BL/6J mice in at least two biological replicates. Shown are sorting schemes for: GMP, MEP,














































































































































Figure A.2: Representative sorting schemes used to isolate primary differentiated
blood cell types. Blood cell types were collected from the bone marrow or spleen of 8-12
weeks-old CD57BL/6J mice in at least two biological replicates. Shown are sorting schemes for:
monocytes, B cells, T cells (a); eosinophils, neutrophils (b); megakaryocytes (b); cDCs CD8a+,




























































































































































































































































































































































































































































































































































































































































GO Biological Process Enrichment Analysis
Figure A.3: Cell type- and lineage-specific DNA methylation programs are enriched
for gene ontology terms associated with corresponding hematological processes. Bubble
chart showing the enrichment for the 3 most significantly enriched GO Biological Process terms
for all twenty-nine DNA methylation programs. Color represents the –log10(binomial p-value) and
size represents the binominal fold enrichment. GO terms with a binominal fold enrichment < 2




















































Figure A.4: 3D diffusion map based on DNA methylation remodeling events during
hematopoietic differentiation reflects known hematopoietic cellular relationships. The
diffusion algorithm implemented in the R package ‘destiny’ was used to infer a model of the
hematopoietic system in form of a diffusion map, which is purely based on DNA methylation











































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A.5: DNA methylation changes are progressive and unidirectional during
hematopoietic differentiation. DNA methylation levels (z-score transformed beta-values) were
aggregated per methylation cluster and projected onto the diffusion map. Shown are DNA methy-






































































































































































































































































































































































































































































































































































































































































































































































































































Figure A.6: DNA methylation changes are progressive and unidirectional during
hematopoietic differentiation. DNA methylation levels (z-score transformed beta-values) were
aggregated per methylation cluster and projected onto the diffusion map. Shown are DNA methy-
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Figure A.7: Binding motifs of key hematopoietic transcription factors are differen-
tially enriched across DNA methylation programs. Enrichment analysis of HOMER tran-
scription factor binding motifs (same as Figure 3.13). Heatmap showing the enrichment scores of



















































































































































































































































































































































































































































































































































































































































































































































































(DMRs aggregated per cluster)






























































-4 -2 0 2 4
Cluster







Figure A.8: ChIP-seq peaks of key hematopoietic transcription factors are enriched
in DNA methylation programs. ChIP-seq data generated in primary hematopoietic cells
was downloaded from the CODEX database. Enrichment analysis of ChIP-seq peaks of different
transcription factor binding sites was performed using the Fisher’s exact test (in collaboration
with Stephen Kraemer). a, Heatmap showing the aggregated methylation levels per methylation
cluster. b, Heatmap showing the enrichment scores of the 50 most significant transcription factor
binding sites. Red indicates significant enrichment (p < 1x10-20) of binding motif, blue indicates
depletion (p < 1x10-20). Clustering of columns was performed with hierarchical clustering using
Ward’s method. c, Bar plots showing the enrichments for all downloaded ChIP-seq experiments
of Cepba, Irf8, Tal1, and Gata1.
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A.2 Supplementary Figures
K-means Clustering of Hematopoie�c Enhancers
I. Common




II. Myeloid + Progenitors
VI. Myeloid
V. Progenitors






















































0 100 200 300
Figure A.9: Recapitulation of K-means clustering of hematopoietic enhancer regions
identified by Lara-Astiaso et al. Heatmap showing 48,415 hematopoietic enhancer regions
clustered by K-means clustering (K = 9) based on H3K4me1 average read counts. Cluster anno-











































































































Phylogeny based on hematopoie�c DMRs (hDMRs)Phylogeny based on early hematopoie�c DMRs (ehDMRs)
Figure A.10: DMRs identified within the primitive hematopoietic stem and progenitor
compartment are sufficient to separate terminally differentiated hematopoietic cell
lineages in a classical phylogenetic tree model. Phylogeny of hematopoietic cell populations
based on 7,423 ehDMRs (a) and 147,232 hDMRs (b) using Manhattan distance recapitulates
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MDS Myelodysplastic syndrome









MRE Methylation-sensitive restriction enzyme
MSigDB Molecular Signatures Database




NK cell Natural killer cell
NMF Non-negative matrix factorization
O ODCF Omics IT and Data Management Core Facility
OTP One Touch Pipeline
P PBAT Post-bisulfite adapter tagging
PBS Phosphate buffered saline
PC Principal Component
PCA Principal Component Analysis
PCR Polymerase chain reaction









R RefSeq Reference Sequence
RNA Ribonucleic acid
ROS Reactive oxygen species




scOpenLab Single-cell open lab
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Abbreviations
Sca1 Stem cells antigen 1
scRNA-seq Single-cell RNA sequencing
Seq Sequencing




T T lymphoid cell
TAD Topologically associating domain
TET Ten-eleven translocation methylcytosine dioxygenase
TF Transcription factor
TSS Transcription start site
TWGBS Tagmentation-based whole genome bisulfite sequencing
U U Unit
UCSC UCSC University of California, Santa Cruz
UMAP Uniform manifold approximation and projection
UMI Unique molecular identifier
UTR Untranslated region
Vwf Von Willebrand factor
V vol Volume
W WBC White blood counts
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